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Summary
1. Introduction
The State Water Quality and Assessment Committee (SWQMAC), under the auspices of the
Victorian Catchment Management Council, has a mandate to facilitate the establishment of a
program for monitoring and assessing the environmental condition of river estuaries in
Victoria. The first step in this process of development was to undertake a review of the
current understanding of monitoring and assessment of estuarine condition as well as to
suggest future approaches for monitoring and condition assessment. Development of these
future approaches is based on a review of the existing knowledge of processes in, and
pressures on, estuaries with a focus on Victorian systems. The specific  objectives of the
review and this discussion document were to:
! Summarise estuarine types in Victoria;
! Develop a conceptual framework describing the current thinking on processes and
attributes that describe estuarine condition (or estuarine health);
! Briefly review the current situation regarding the monitoring and assessment of estuarine
health in Victoria, and programs being undertaken interstate and overseas;
! Scope options for a state-wide estuarine-health monitoring and assessment program, and
provide an assessment of the applicability, success or difficulties associated with the
various methods identified; and
! Identify and discuss knowledge needs and gaps with respect to developing a state-wide
estuarine health monitoring and assessment program for Victoria.
The discussion document is structured into seven sections and five appendices. The first
section provides an introduction to the objectives of the document. Section 2 defines estuaries
and discusses what is known about types of estuaries in Victoria. Section 3 reviews what is
known of estuarine processes with an emphasis on Victorian knowledge. The major pressures
on Victorian estuaries and their possible impacts are reviewed in section 4, while section 5
reviews the current knowledge of estuarine indicators. Section 6 details estuarine monitoring
and assessment programs in Australia and each state, as well as in South Africa, New
Zealand, USA, UK and Ireland. A number of regional and individual estuary studies are also
discussed. Knowledge gaps for estuaries nationally and specifically for Victoria, together with
10 recommended actions to fill some of these gaps are discussed in section 7.
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This executive summary is meant to be an introductory document for workshop participants,
and as a lead into the more detailed discussion document. Referencing of source material is
not included in the summary. Full citations and reference list can be found in the discussion
document.
2. Estuary types
Estuaries are semi-enclosed bodies of water where saltwater from the open ocean mixes with
freshwater draining from the land. Estuarine boundaries extend laterally onto the coastal
floodplain, upstream to the furthest extent of marine water intrusion, and to the coastline.
Estuaries have a diverse range of habitats, and estuarine ecosystems are very variable over
many spatial and temporal scales.
The coastline of Victoria contains at least 123 bays, inlets and estuaries, varying in water area
from 1,950 km2 to less than 1 km2. The majority of these estuaries are small, intermittently
closed and very poorly understood.
Classification of estuary type can help knowledge transfer, identifying major processes, and
provide a structure for evaluating condition. This can allow more effective indicators and
monitoring programs to be developed and testing of causal factors. Victorian estuaries have
been considered as part of two recent classifications, one national and one regional, both of
which are reviewed in section 2. Neither is comprehensive or fully applicable state-wide. A
simple state-wide working classification is proposed, illustrated in Figure 1.
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Figure 1. Hierarchical basis of ‘working’ classification for Victorian estuaries. Codes for
EPA segments are as follows: A=Forests A; B=Forests B; C=Cleared Hills and Coastal
Plains; and D=Murray and Western Plains (Metzeling et al, 2003).
3. Important processes
Comprehensive and critical appraisal of estuarine ecological processes, as done in Section 3,
is the first step in developing ecological indicators. Functional indicators can be developed
from measures of the rate of change in processes. Direct measures of ecological processes can
provide very explicit and powerful tests of ecological theory and by doing so increase the
understanding of these ecosystems. Little research has been done in Victorian estuaries, so
relevant national and international, predominantly South African, literature is reviewed.
Estuarine ecosystems and their processes are interlinked and complex. They can be broadly
divided into:
Physical (geomorphological; hydrological; sedimentological; and aquatic physico-chemical);
Biogeochemical (nutrient cycling; decomposition; and sediment water exchange); and
Ecological (distribution; growth; fecundity; recruitment; competition; invasions; and
mortality).
Biogeochemical processes, particularly nutrient cycling dominate the literature. There is very
little knowledge of processes in the mid- or upper-estuary, or in small temperate riverine
vestuaries. There is increasing realisation of the importance of hydrological processes for these
types of estuaries.
4. Pressures on estuaries
Understanding the pressures on, and modifications to Victorian estuaries helps identify
processes that might be affected, and thus the development of suitable indicators and
monitoring designs to assess them. Rural development, especially land clearing, and urban
development have created numerous changes in estuaries. Inputs of suspended matter and
sediments have increased, and associated nutrients and primary production have increased,
with possible changes in dominant flora. Decreases in freshwater flows to estuaries have
brought about many changes including: decreased depth; increased mouth closure; changes in
fluvial inputs; and changed estuarine water residence time. This has influenced the energy
cycling and trophic structure of estuaries. Other significant pressures on estuaries include
introduced species, estuarine habitat loss and point source discharges, including sewage and
chemical contaminants.
5. Indicators and condition
Indicators are organisms, species or community characteristics of a particular habitat or are
indicative of a particular set of environmental conditions. No single environmental indicator
will unambiguously measure the interactions between ecosystem form and function, resilience
and stability of biological communities, and response of the estuarine system to
anthropogenic stress. It is a relatively simple task to define indicators of status quo (e.g. the
degree of eutrophication) but it is considerably more difficult to develop a predictive capacity.
Current knowledge may only allow us to audit existing condition, or to assess the success of
the chosen integrating measures of health over decades.
Characteristics that are often used to measure ecosystem health include biomass, productivity,
nutrient cycling, species richness and diversity, food web complexity, niche specialisation,
spatial diversity, size distributions of organisms and their life styles, disease prevalence and
mortality rates. All of these are data dependent and a lot of the data is lacking for Victorian
estuaries. Clear causal relationships between changes in indicators and stresses have not been
clearly established for any of these indicators, reflecting our inadequate understanding of
estuarine ecosystems and their important processes.
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Periphyton and phytoplankton appear to be useful for describing nutrient enrichment, salinity
and pH profiles but complicating factors such as the nature of coupling of secondary
production need to be identified and addressed. Macrophytes appear useful for integrating
turbidity, eutrophication and flow alteration. Zooplankton appear to be of limited use as
environmental indicators, but may be useful as an element of biotic indices that relate to
trophic groups. Benthic macroinvertebrates have been successfully used to describe the nature
and magnitude of organic enrichment in estuaries. Community structure, biomass and relative
abundance of functional groups and indicator species have been developed and used as
environmental indicators. However, there is still much debate on their usefulness as estuarine
indicators. The life histories of much of the estuarine fauna, especially macroinvertebrates and
fish are unknown.
Water quality indicators, including nutrients and toxicants, are very variable in estuaries and
need extensive spatial and temporal sampling, hence the use of ‘integrating’ biological
indicators. Measures such as salinity and dissolved oxygen seem to be basic requirements for
defining estuary type, condition and habitats.
6. Monitoring and assessment programs
Australia has no national estuary program and, with the exception of Queensland, no state-
wide estuary programs. Estuarine monitoring in Australia has been patchy, ad hoc, short term
and predominantly undertaken in close proximity to a major population centre or in estuaries
with already identified major issues, or both. Victorian estuarine research and monitoring are
concentrated in the large bays, inlets and coastal lakes. Some assessment at regional scales
has been conducted in Victoria, Tasmania, and WA. Also, some research to develop
indicators has been conducted in Victoria, Tasmania, NSW, WA and Qld.
Internationally, South Africa and USA have conducted extensive research focused on
developing and implementing regional and national estuarine health monitoring programs.
South Africa has a co-ordinated indicator, research and decision support program for
conservation and management. The USA has broad-scale monitoring, with a national program
of 28 ‘representative’ estuaries, and a strategy for integrated management from national to
local scales. The UK and Ireland have developed indices, but have no co-ordinated national
program. NZ does not have a national program but is currently developing indicators for
urban estuaries.
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7. Options for monitoring and assessment in Victoria
Suggesting options for a state-wide monitoring and assessment program for Victoria would be
premature at the moment. A lot of basic descriptive information is not available, including the
total number of estuaries along the Victorian coast and their inland extent. The lack of
knowledge on estuaries is not particular to Victoria. Some of the gaps more specific to
Victoria, are very basic and fundamental such as: size; shape; water movements; and habitats.
Ten recommendations have been made to fill knowledge gaps, and develop enough
understanding to identify and develop indicators that could allow state-wide monitoring of
estuarine health in Victoria. These recommendations are:
1: Desktop Inventory of Victorian estuaries;
2: Classification and Condition Assessment of Victorian Estuaries;
3: Field test Classification and Condition Assessment;
4: Address Lack of Knowledge on Freshwater Flow and Mouth Opening;
5: Incorporate and Extend Existing Monitoring Research;
6: Support Community Monitoring Programs;
7: Establish Links and Collaboration with Researchers and Managers in Comparable
Systems;
8: Integrate With Catchment and Coastal Strategies and Monitoring;
9: Develop a Set of Indicators and Design a State-wide Monitoring Program;
10: Pilot Studies to Trial Indicators and Monitoring Design.
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41. Introduction
Monitoring and assessment of estuaries, as a type of wetland, were discussed although in less
detail by Butcher (2003). This discussion paper aims to bring together and summarise the
current understanding of, and suggest future approaches for, estuarine monitoring and
assessment of estuarine condition. Development of these future approaches is based on
existing knowledge of processes in, and pressures on, estuaries with a focus on Victorian
systems. While a document with this scope could run into volumes, it has been kept short to
enable it to be used as an effective discussion paper for a workshop on the subject.
The objectives of this discussion document are to:
! Summarise estuarine types in Victoria;
! Develop a conceptual framework describing the current thinking on processes and
attributes that describe estuarine condition (or estuarine health);
! Briefly review the current situation regarding the monitoring and assessment of
estuarine health in Victoria, and programs being undertaken interstate and overseas;
! Scope options for a state-wide estuarine-health monitoring and assessment program,
and provide an assessment of the applicability, success or difficulties associated with
the various methods identified; and
! Identify and discuss knowledge needs and gaps with respect to developing a state-
wide estuarine health monitoring and assessment program for Victoria.
Both the community and management agencies want to know more about Victoria’s estuarine
systems; they want to know how healthy their estuary is and to better understand causal links
to activities within the estuary, catchment and coastal region (VCC, 2002). Before programs
can be put in place to monitor and assess estuarine condition, important processes in, and
pressures on, Victorian estuaries need to be identified. An understanding of both of these will
help identify suitable indicators (Fairweather, 1999a).
Every effort has been made to bring together the wide range of literature that considers
monitoring and assessment in estuaries. It should be noted here that there is considerably
more literature available on assessment, particularly of individual estuaries, than there is of
monitoring numerous estuaries over wide spatial scales.
5An estuary is a semi-enclosed body of water where saltwater from the open ocean mixes with
freshwater draining from the land (NLWRA, 2002). The dynamic interaction of these water
bodies produces a complex and variable system that retains some elements of both the
freshwater and marine environments. Estuarine ecosystems are very variable over many
spatial and temporal scales.
The inland boundary of an estuary can be defined as the furthest extent of marine waters
under low flow (drought) conditions (Roy et al., 2001). This distance can often be
surprisingly long, particularly in stratified estuaries. The lateral boundaries of the estuary
extend out onto the coastal floodplain to the extent of inundation by estuarine waters.
Freshwater or tidal flooding may cause this inundation. The marine boundary of an estuary is
its mouth where it enters coastal oceanic waters although the influence of estuaries can extend
kilometres seaward.
Estuaries contain a diverse range of biotic assemblages depending on their morphological and
hydrological characteristics (IMCRA, 1998). Estuarine habitats can include wetland areas
such as tidal mangroves, freshwater and salt marshes, tea tree swamps, agricultural
floodplains and riparian forests. Other estuarine habitats include bare tidal mudflats, seagrass
and algal beds, sandy beaches, rocky reefs and shores as well as the estuary water column and
unvegetated subtidal soft sediments (Dini et al., 1998; Edgar, 2001; NLWRA, 2002).
2. Victorian estuary types
The coastline of Victoria runs west to east with only a small variation in latitude. The coastal
climate is moist temperate with warm summers, and a pronounced west to east increase in
catchment run off and decreasing seasonality (IMCRA, 1998). Pockets of high rainfall occur
in the Otway Ranges and on Wilsons Promontory (DWR, 1989). There are at least 123
recognised bays, inlets and estuaries in Victoria (OSRA, 2001), varying in water area from
1,950 km2 to less than 1 km2 (IMCRA, 1998). Their catchment sizes vary from the Glenelg
(12,400 km2) to 4 km2 along the Otway coast (Mondon et al., 2003). The majority of
Victoria’s estuaries are small and very poorly understood. Unlike NSW (West et al., 1985;
Williams et al., 1998), Victoria does not have a comprehensive inventory of its estuaries,
which hinders classification.
6Classification schemes can be an important resource management tool, helping to identify
different estuary types, simplify their description and so make it possible to transfer
knowledge between estuaries with similar characteristics. When identifying indicators and
designing monitoring programs it is important to first consider what types of estuaries occur
along the Victorian coast. Classification of estuarine types helps in identifying the major
driving processes, and also provides a structure for evaluating pressure or modification.
Classification schemes can help partition the variation among Victoria’s estuaries, allowing
more effective indicators or monitoring programs to be developed to enable testing of causal
factors and measurement of change in estuary condition based on type.
A number of biogeographic classifications have tried to identify distinct terrestrial, freshwater
and marine ecosystems in Victoria to provide ecosystem-based frameworks for management.
In the coastal catchments, 9 regions (Thackway and Cresswell, 1995) based on terrestrial
vegetation, and 4 freshwater regions based on benthic macroinvertebrates (Metzeling et al.,
2003; Newall and Wells, 2000; Tiller and Newall, 2003) have been defined. In the marine
environment four open coastline regions, Otway, Central, Flinders and Twofold Shelf
(Gippsland) have been defined (IMCRA, 1998). In this scheme all Victorian bays, inlets and
estuaries were defined as one region. For effective monitoring and assessment an increased
resolution of classification is necessary.
2.1 Estuarine Classification
Estuaries are commonly defined with reference to physical and salinity characteristics.
However, the lack of knowledge of the salinity characteristics for the majority of Victorian
estuaries makes this type of classification difficult.
There have been three national, physically-based, classifications of estuaries, which have
included some of Victoria’s estuaries (Bucher and Saenger, 1991; Digby et al., 1999;
NLWRA, 2002). The most recent, NLWRA (2002) builds on the first two classifications
including 63 Victorian estuaries (Appendix 2) out of 972 estuaries nationally. This includes
only about half of Victoria’s estuaries. Although the majority of the estuaries not considered
in NLWRA (2002) were small, large estuaries such as Maribyrnong, Tarra, Albert, and
Franklin rivers were also not included.
7In NLWRA (2002) three forcing processes, wave, tidal and river energies, were used to
describe the form and function of Australian estuaries. Information about these processes was
derived from the geomorphology of the estuaries using Landsat imagery, aerial photographs,
and topographic maps in combination with quantitative data for wave, tidal and river energy
(Heap et al., 2001). Six sub-classes of estuaries were identified according to the relative
influence of these processes (NLWRA, 2002). Appendix 3a provides more information on the
nature of each sub-class. Some estuaries were outside this classification, for example drowned
river valleys, embayments and very small coastal lakes, lagoons and creeks.
Three-dimensional conceptual models were developed for each major sub-class of estuaries,
showing the flows and fluxes between terrestrial and intertidal, estuary surface, water column
and estuary beds (NLWRA, 2002; Ryan et al., 2003). The models illustrate sediment-
transport processes and nitrogen cycling through the sedimentary environment. A large
number of Victoria’s estuaries are intermittent estuaries closing to the sea for periods of time
and, as such, the conceptual models for ecological processes may not hold (Roy et al., 2003).
Processes that are seasonally driven in open systems may be driven by events such as floods
and droughts, in intermittent estuaries (A. Pope, DU, pers. comm.).
In NLWRA (2002) a large proportion (38%) of the Victorian estuaries considered did not fit
any of the sub-classes. These were the three major embayments Port Phillip Bay, Western
Port Bay and Corner Inlet and the very small coastal lagoons and creeks (Appendix 3b). Of
the estuaries fitting sub-classes, 33% were wave-dominated estuaries, and strandplains (16%),
reflecting the high-energy coastline of Victoria, with its relatively low river flows. Wave
dominated deltas (Hopkins, Werribee and Yarra Rivers, Spring Creek), tidal flat/creeks
(Kororoit Creek and Limeburners Bay), and a single tide estuary (Port Campbell Creek),
make up the remainder.
The NLWRA (2002) process type classification is useful for continent wide comparison of
estuaries but it has limited discriminatory power at a regional level. At the regional level in
Victoria, Mondon et al. (2003) classified 46 estuaries along the coast between the South
Australian border and the Barwon River, compared to 26 in this region in NLWRA (2002)
(Appendix 2). The Mondon et al. (2003) classification was broadly based on that used for the
assessment of conservation significance of Tasmanian estuaries (Edgar et al., 1999), and was
designed to develop a regional management framework. Geomorphic characteristics of the
8estuaries, including catchment area, length of river main-stem, length of estuary, estuary-
entrance type, estuary-channel type and the presence or absence of fringing wetlands resulted
in an 8-category classification. Permanently open estuaries, be they natural or built,
comprised the first two categories; the remaining 6 categories were intermittently closed
estuaries. Each estuary was sampled for benthic macrofauna, sediment size and water
physico-chemical characteristics and nutrients. Volunteers monitored the mouth state of 25 of
the estuaries. Based on the data collected during this one-year study, the risk posed by several
key threatening processes, that is land use, nutrient enrichment and artificial opening, were
assessed. A natural values index was developed to rank the estuaries overall and identify the
estuaries with highest natural values in each geomorphic type.
2.2 Proposed ‘working’ classification for Victorian estuaries
There is not a classification that currently covers all Victoria estuaries. Lack of available data
for most Victorian estuaries limits the possible extrapolation of existing classifications
(NLWRA, 2002; Mondon et al., 2003). There is an immediate need to recognise the major
variation in Victorian estuary types to help structure future research and management.
A simple classification for Victorian estuaries (Figure 1), where the salinity regime and inland
extent is not known for the majority, can be one based on: (1) whether the estuary is known to
be intermittently closed or permanently open; (2) whether it connects with the sea into a open
oceanic coast with high wave energy and micro-tides, or into a embayment or sheltered coast
with low wave energy and meso-tides; and (3) the four of the five biological regions defined
by Tiller and Newall (2003) and Metzeling et al. (2003). These incorporate a lot of the
variability in flow and water quality in fresh waters and so provide a useful third level of
hierarchy. Permanently open estuaries along the oceanic coast are few (e.g. Moyne River,
Barwon River, Gippsland Lakes) and some are kept open by dredging and training walls.
Intermittently closed estuaries in embayments are few, (e.g. Balcombe and Merricks Creek).
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Figure 1. Hierarchical basis of ‘working’ classification for Victorian estuaries. Codes for EPA regions
are as follows: A=Forests A; B=Forests B; C=Cleared Hills and Coastal Plains; and D=Murray and
Western Plains (Metzeling et al, 2003).
3. Important processes in Victorian estuaries
All ecological processes impact upon patterns or structure of ecosystems (Mooney et al.,
1995). Examples include the cycling of matter, energy and nutrients, as well as interactions
within and among species such as competition, predation and recruitment. Comprehensive
and critical appraisal of estuarine ecological processes is the first step in developing
ecological indicators and follows the theory of ‘ecoassay’ development suggested by
(Fairweather, 1999a). Identifying the types of processes, where they occur in estuaries and
measures of rates of change in the processes can identify possible indicators. Measures of
ecosystem processes have been shown to be less variable and more responsive to change than
measures of biotic community structure in streams (Brooks et al., 2002; Cardinale et al.,
2002). Direct measures of ecological processes can also provide very explicit and powerful
tests of ecological theory and by doing so increase the understanding of these ecosystems
(Fairweather, 1999b). In Victoria, most research on ecology and processes of estuaries has
been in Port Phillip, Western Port Bay and the Gippsland Lakes, all rather atypical systems.
Little research has been published on the ecology and processes of Victoria’s riverine
estuaries. As a result, this review concentrates on relevant national and international literature.
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Estuarine ecosystems and their processes are multi-dimensional; however, they can be
broadly divided into physical, biogeochemical and ecological processes. Physical processes
within estuaries include geomorphological, hydrological, sedimentological and aquatic
physico-chemical processes. Biogeochemical processes involve movement back and forth of
chemical elements and compounds between organisms and the physical components of the
environment. The biogeochemical cycles most often considered, due to their fundamental
connection to energy in the system, are the nitrogen, phosphorus and carbon cycles
(Nybakken, 1997). Ecological processes include the processes that influence the distribution,
growth, fecundity, recruitment, competition, invasions and mortality of biota.
3.1 Physical processes
3.1.1 Geomorphological processes
It is helpful when determining the ecological processes relevant to Victoria’s small riverine
estuaries to consider the physical habitats found in these estuaries. All types of estuaries
contain, to differing extents, four zones or sedimentary environments (Roy et al., 2001).
These zones are the marine flood-tidal delta, central mud basin, fluvial delta and riverine
channel/alluvial plain. Each zone has its own characteristic water quality, nutrient
cycling/primary production signatures and ecosystems (Roy et al., 2001). The ecology of a
zone is influenced by: (a) estuary type, which determines the salinity regime; (b) stage of
sediment infilling (evolutionary maturity) which controls the spatial distribution/size of the
zones; and (c) impacts of various forms of human development. To understand estuary
geomorphology it is necessary to consider changes happening over the millennium, meso-
(100 – 10 years) and micro- (< 1 year ) scales (Cooper et al., 1999).
3.1.2 Hydrological processes
Australian freshwater flows have extreme hydrological uncertainty (Croke and Jakeman,
2001). This makes it very difficult to transfer knowledge on ecological processes, especially
hydrologic and geomorphologic expectations, from Northern Hemisphere estuaries to
Australian estuaries. The most hydrologically comparable systems are South African estuaries
(Croke and Jakeman, 2001; de Villiers and Hodgson, 1999; Deeley and Paling, 1999;
Hodgkin, 1984; Pierson et al., 2002) and a lot of the following discussion is based on research
in those systems.
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Freshwater flow into estuaries regulates sediment characteristics, creates flooding events that
scour out accumulated sediment, provides riverine nutrients necessary for primary production,
carries allochthonous organic material into the estuary, produces salinity gradients that
increase estuarine habitat and species diversity, and opens and maintains estuary mouths to
allow larval exchange, fish migration and tidal flushing of saltmarshes (Gillanders and
Kingsford, 2002; Pierson et al., 2002; Wooldridge, 1999).
The degree of ‘openness’ of an estuary mouth depends primarily upon exposure to ocean
waves and fluvial discharge, with the latter also influenced by climatic fluctuations on decadal
(mesoscale) time scales (Roy et al., 2001). Intermittently closed estuaries are more
hydrologically variable than wave-dominated (barrier) estuaries (Roy et al., 2001). Systems
with substantial and sustained freshwater inflow have, in general, higher pelagic
phytoplankton production, whereas little freshwater flow and reduced salinity gradients
favour the growth of submerged macrophytes (Baird, 1999).
There have been very few studies that have quantified the effect of floods on fauna, and there
are a lot of processes associated with floods that are not understood (de Villiers and Hodgson,
1999). Flooding has been shown to alter the abundance and community structure of
macrobenthos, changing the dominance and distribution of species within the estuary (de
Villiers and Hodgson, 1999; Skilleter and Stowar, 2001). For example, in the Hopkins River
estuary in southwest Victoria mass mortality of the estuarine bivalve Solatellina alba occurs
with floods (Matthews, 2001). Floods can also increase food availability, which can lead to an
increase in macroinvertebrate population size and the colonisation of new areas (de Villiers
and Hodgson, 1999).
There is increasing evidence that the life cycles of many organisms have adapted to the
estuarine hydrodynamic cycle. Spawning of fish and zooplankton coincides with the return of
oxygenated seawater to southwest Victorian estuaries following winter flooding (Newton,
1996). Fish species such as Black Bream (Acanthopagrus butcherii) require water of a
particular temperature and salinity for spawning in these estuaries (Sherwood and Backhouse,
1982). In the absence of flushing the development of anoxia and high concentrations of
ammonia and sulphide may limit spawning success (Sherwood et al., 1997).
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The importance of groundwater to hydrological processes in estuaries is not well understood
(Miller and Dorairaj, 2001).
3.1.3 Sedimentary processes
Estuaries receive sediment from three main sources: the sea, inflowing rivers and material
generated within the estuary itself (Cooper et al., 1999). Particulate matter has a critical role
in estuarine processes such as nutrient cycling, habitat stability and distribution, and fauna
distribution and composition (Nedwell et al., 1999).
The salinity regime and geomorphology of an estuary is important in determining the
sedimentary processes within the estuary. Dissolved organic matter flocculates and forms
particulate organic matter at the salt-fresh water interface and settles out. Areas of low
velocity have the greatest sedimentation rate and areas with little wind, wave or current
mixing have the longest retention time for sediment. Vegetation can act to decrease velocity
and so enhance deposition, and also to stabilise sediments. Sediment retained in the estuary
may subsequently be exported offshore during extreme flood events (Eyre, 1998; Nedwell et
al., 1999). Suspended particulate matter in the water decreases seaward as deposition occurs,
but it can vary along the estuary, depending on the local load of both organic and mineral
particles, and the availability of sedimentation areas (Nedwell et al., 1999).
High turbidity is also associated with high net sedimentation in most estuaries, and the
sediment is rich in organic derived matter from riverine, marine and estuarine sources. High
turbidity in estuaries can inhibit light penetration and limit primary productivity thereby
impacting on nutrient cycling (Nedwell et al., 1999).
3.1.4 Aquatic physico-chemical processes
Aquatic physico-chemical processes are closely associated with geomorphological,
hydrological and sedimentary processes. Changes in salinity within the water and sediments
are a major influence on biogeochemical and ecological processes. The salinity regime within
estuaries varies spatially and temporally depending on interactions between fresh and marine
waters. Salinity can change daily with tides, seasonally with runoff, and over longer time
scales with climatic events such as drought, storms and floods (Schumann et al., 1999;
Sherwood, 1983; Sherwood, 1984; Sherwood, 1985; Sherwood et al., 1998).
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Stratification in an estuary depends on the extent to which waters of different temperatures
and salinities mix (Schumann et al., 1999; Schumann and Pearce, 1997). Reduced circulation
in the estuary because of low freshwater flows and mouth closure can lead to stratification,
with top (fresh) waters having reduced or no exchange with bottom (marine) waters.
Hydrological and geochemical processes in stratified water columns can lead to other
physico-chemical changes. Biological activity in and on the bottom sediments can deplete
bottom waters of oxygen, increase the nutrient flux from the sediment to the overlying waters
and change the bioavailability of trace metals and contaminants (Nedwell et al., 1999;
Schumann et al., 1999; Sherwood, 1985). Hypoxic conditions can also occur after flooding,
when shallow floodplains are left filled with debris and exposed to the warming effects of
sunlight (Keddy, 2000). Draining of hypoxic waters from wetlands has been associated with
fish kills in southwest Victoria when water levels rapidly drop when the mouth opens in a
previously closed system (Kelly, 2000).
Salinity in pore waters, the water in the interstitial spaces within the sediment, is more stable
than that of the overlying waters due to the slow exchange between the two. This has
implications for biogeochemical processes, and the distribution and survival of biota (de
Villiers and Hodgson, 1999). Estuarine macrobenthos are often categorised by their salinity
tolerances (de Villiers and Hodgson, 1999). Some infauna exhibit behavioural adaptations to
changes in salinity, such as burrowing, and some show physiological adaptations, such as
decreasing filtration rates (de Villiers and Hodgson, 1999). Temperature also affects
macroinvertebrate distribution, via fecundity and growth rates (de Villiers and Hodgson,
1999). Changes in temperature and salinity often occur together, through tides, freshwater
flow, season and floods.
High concentrations of dissolved organic carbon from wetlands can colour the water brown
(tannin staining) and may affect light penetration and lower its pH (Pace and Cole, 2002).
3.2 Biogeochemical processes
3.2.1 Nutrient cycling
Biogeochemical processes in estuaries are complex, interlinked and not fully understood. A
useful way to consider the processes and the factors that influence them is to consider import,
export, and internal generation and cycling, of elements in estuaries separately.
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Nitrogen, phosphorus, silicon and carbon are intimately linked in biological and physico-
chemical processes in the catchment, so that changes in the flux of one element can
significantly change the flux and export of others to the estuary (Hessen, 1999). A major
fraction of the nitrogen exported from catchments to estuaries is dissolved organic nitrogen
(DON), which is associated with dissolved organic carbon (DOC) (Nedwell et al., 1999;
Seitzinger et al., 2002). Natural watershed properties such as drainage patterns, hydrology,
soil and forest coverage, and the proportion of wetlands, determine loads and quality of
dissolved organic carbon to estuaries (Hessen, 1999). The main natural source of phosphorus
imported into estuaries is from the weathering of phosphate rock in the catchment (Nybakken,
1997). Riverine inputs include both dissolved and particulate phosphorus (Nedwell et al.,
1999).
Within estuaries, the primary processes in the nitrogen cycle are ammonification
(mineralisation and denitrification) and nitrification (Allanson and Winter, 1999; Keddy,
2000). These processes occur continually at rates determined by abiotic (for example
temperature, salinity, pH and oxygen) and biotic (microbial) factors (Allanson and Winter,
1999; Keddy, 2000). Microbial communities are responsible for key nitrogen transformation
(Seitzinger et al., 2002) and this can be enhanced by plants through the input of organic
nitrogen and the release of oxygen into the sediment by their roots (Allanson and Winter,
1999). Benthic heterotrophic N2 fixation is likely to be negligible in organic sediments,
because of high ammonia concentrations in pore waters repress N2 fixation (Nedwell et al.,
1999).
Phosphorus cycling in estuaries is dominated by particle-water interactions and sedimentation
of particulate P (Nedwell et al., 1999; Roy et al., 2001). Sediment redox conditions are
important because the recycling of P back into the water column occurs primarily under
reduced conditions (Allanson and Winter, 1999; Nedwell et al., 1999). There is intense
biological cycling of P in estuaries but little retention (Nedwell et al., 1999).
Planktonic primary production does not appear to represent a major sink for the loads of
dissolved inorganic nitrogen or dissolved inorganic phosphorus (Nedwell et al., 1999). The
removal of P in estuaries depends in part on the suspended solids regime, whereas N removal
is related to the area of sediment within an estuary (Nedwell et al., 1999). Much of the
research on nutrient cycling has focussed on high-nutrient permanently open estuaries, so
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little is known about low-nutrient oligotrophic, or intermittent estuaries (Nedwell et al.,
1999).
The role of DOC in estuaries is poorly known in comparison to freshwater systems. It is being
increasingly recognised as critical in aquatic ecosystems, influencing a wide variety of
physical, chemical and biological processes (Pace and Cole, 2002). DOC either enters the
food web, in largely unknown and probably highly variable amounts via heterotrophic
bacteria and flagellates, or small amounts lost from the estuary through flocculation or photo-
oxidation (Hessen, 1999) The fate of the DOC in estuaries depends on season, quality and age
of the DOC. Carbon flux between biotic and abiotic parts of the estuary can be used as a
surrogate for energy flow (Baird, 1999).
Macrophytes can be one of the major primary producers, but suspension- and deposit-feeding
macroinvertebrates get most of their food from phytoplankton (de Villiers and Hodgson,
1999; Herman et al., 1999). Suspension feeders filter huge amounts of water and are therefore
crucial in the carbon turnover within estuaries (de Villiers and Hodgson, 1999).
Understanding the cycling and conservation of energy within the estuary is important (Baird,
1999). Simple cycling systems are characteristic of closed systems, where the pulsing effect
of tides and the re-suspension and re-distribution of material is less than in ‘open’ systems
(Baird, 1999). Simple energy cycles may be a result of stress (Baird, 1999).
Exports of energy from estuaries take the form of unutilised macrophytic material, suspended
and dissolved material flowing to the sea, burial and emigration of fish and birds (Baird,
1999).
3.2.2 Decomposition
Decomposers are a critical link in converting plant production to animal biomass, as well as
controlling the accumulation of organic matter (Keddy, 2000). In shallow waters the majority
of organic breakdown occurs in the sediments, either because biomass is formed there by
benthic primary production or because of rapid decomposition of particulate organic matter
from the water column. Breakdown of organic matter is predominantly microbial. Aerobic
respiration is responsible for about half of the benthic organic matter breakdown, with
anaerobic sulfate reduction largely accounting for the rest (Nedwell et al., 1999). Decay of the
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dead biomass by reducing and oxidising bacteria generates a flux of nutrients, which diffuse
into the surrounding water and accumulate in the bottom sediments.
3.2.3 Chemical exchange between the sediment and water
In reviewing the chemical exchange between the sediment and water, Nedwell et al. (1999)
identified inundation, sediment composition and physico-chemical characteristics, benthic
production, and the activities of invertebrates on or within the sediment as being important.
Benthic biofilms can influence sediment-water exchange by effectively scavenging upwardly
transported N and P, thus decreasing the effluxes of ammonium and P to the water column
during daylight. They can also generate oxygen extending the depth of the oxic-layer and
influencing nitrification, denitrification and the exchange of dissolved inorganic phosphorus.
In temperate estuaries the oxic layer is smallest in summer when high temperatures increase
benthic respiration rates. There may be corresponding seasonal changes in nutrient release
from sediments, from nitrate during spring when nitrification is intense to ammonium during
summer when nitrification declines. The irrigation of sediments by the respiratory streams of
benthic invertebrates, or by other physical mixing activities, stimulates transport of solutes
into the sediment. Burrows increase the available surface area for exchange and irrigation and
so increase oxygen input and effective oxic depth. Despite this, Herman et al. (1999) argue
that bioturbation increases the proportion of organic matter mineralised anaerobically because
it is buried deeper into the sediment where oxygen availability is less.
3.3 Ecological processes
Ecological processes include growth, fecundity, recruitment, mortality, invasions, herbivory,
carnivory, mutualism, competition and biogeochemical but there are limited data on many of
these processes. Little is known about the food webs/trophic systems in temperate estuaries,
especially intermittent estuaries, for example the changes in energy flow when the mouths are
open compared to when they are closed (de Villiers and Hodgson, 1999). The internal
dynamics of benthic food webs are characterised by a high degree of omnivory (Herman et
al., 1999). There is a lot of debate on the classification of feeding groups of estuarine benthos
as for many groups there is simply not enough life history information. Herman et al. (1999)
believe that two major distinctions can be made for benthic feeding groups: suspension
feeders, which filter their food directly from the water column; or deposit feeders, which
depend on the physical deposition of food particles on the sediment surface and subsequent
incorporation of the food particles into the sediment matrix.
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The physical characteristics of the estuary, its depth, permanence of mouth, clarity of water,
nature of bottom sediment and salinity regime all affect macroinvertebrate community
structure (de Villiers and Hodgson, 1999; Edgar et al., 1999). The diversity of macrofauna in
estuaries is low compared to either their adjacent freshwater or marine systems (Edgar et al.,
1999; Kennish, 2002). Macroinvertebrate species diversity is generally greatest at the mouth
of the estuary and decreases towards the freshwater head (de Villiers and Hodgson, 1999;
Edgar et al., 1999). Permanently open estuaries have a richer macrofaunal community than
intermittently closed estuaries (de Villiers and Hodgson, 1999; Edgar et al., 1999; Parreira,
2000). The particular characteristics of the sediment surface as a boundary layer and of the
sediment as a habitat have consequences for the dynamics and spatial distribution of benthic
communities (Herman et al., 1999). Organisms living in estuarine sediments have to contend
with a shortage of oxygen, accumulations of toxic gases, and atypical concentrations of ions
(Keddy, 2000). Spatial variability in macrofauna biomass of two or three orders of magnitude
is typically found within most estuarine systems (Herman et al., 1999).
The small, narrow estuaries in western Victoria have an impoverished benthic fauna
compared to those in the east which tend to be larger and better wind-mixed (IMCRA, 1998).
The estuaries of eastern Victoria are distinguished from those in the centre and west by the
presence of penaeid prawns (IMCRA, 1998). There have been a few studies on the
community structure of aquatic invertebrates in Victorian riverine estuaries (Kenny, 1998;
Moverley and Hirst, 1999; Parreira, 2000; Poore and Kudenov, 1978), but little is really
known on the occurrence or the requirements of most estuarine macroinvertebrates. Arundel
(2003) found the invertebrate larval assemblages in four intermittent western Victorian
estuaries to be distinct and spatially variable. McClusky (2001) found that different life
histories of crustaceans and bivalves appeared to influence their genetic dispersal between
estuaries in the region.
Zooplankton in South African microtidal estuaries does not show a seasonal cycle
(Wooldridge, 1999). Species composition and position in an estuary is related to salinity and
hence freshwater inflow (Wooldridge, 1999). The abundance of zooplankton is linked to its
food, phytoplankton, and so in macrophyte-dominated estuaries zooplankton abundance is
low (Wooldridge, 1999). In a study on four estuaries running into Port Phillip Bay, Neale and
Bayly (1974) found that the abundance of zooplankton was higher in the estuaries than in the
Bay, but very variable between the estuaries and sampling times.
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There has been relatively little work done on protozoans and meiofauna. Gwyther (2002)
investigated the meiofauna in the Barwon River comparing mangrove mud, mudflats and
pneumatophore fauna, and like other estuarine fauna found it to be very patchy and dynamic.
Mangrove mud had the highest taxonomic richness, but the diversity was highest on the
pneumatophores. The highest abundance was found in the top few centimetres of the sediment
on the mudflats (Gwyther, 2002).
Fish may live in, or pass through, an estuary during different times in their life history. The
natural cycles of mouth opening and closing (Koehn, 1984; Tunbridge and Glenane, 1988),
like wetland flooding and drying (Cadwallader and Backhouse, 1983) play important roles in
the life history of many fish and are the major factors influencing the diversity of fish and
other fauna in estuaries at any particular time (Deeley and Paling, 1999; Lenanton, 1984;
Platell and Potter, 1996; Young and Potter, 2002). Knowledge gaps exist in the life history
and population characteristics for most estuary-associated fish species in Victoria (Barton and
Sherwood, In Prep). In particular, the most significant gaps relate to spawning behaviour,
including spawning and migration cues, the location of egg laying sites, preferred larval
habitats and larval tolerance to turbidity and temperature. These knowledge gaps are not
unique to Victoria, although there has been considerable work conducted in both Western
Australia and South Africa on the mechanisms and cues involved in larval and juvenile
migration, and habitat requirements (Linke et al., 2001; Whitfield and Marais, 1999). The
protection of natural habitats has been identified as one of the most important requirements
for management of fish resources in the smaller inlets and estuaries (NLWRA, 2002; Roy et
al., 2001)
Estuarine wetlands are an important water bird habitat, supporting a large variety of birds that
occupy different habitat niches (Hockey and Turpie, 1999). The number and species of birds
fluctuate seasonally, and with changing water levels as different habitats become available for
feeding (Reilly, 1998). Roosting sites of migratory wader and shorebirds are found in
sheltered locations adjacent to intertidal feeding areas (Ball and Patterson, 1998).
Bacteria attain high abundances in estuaries, because of the high primary production and
relatively large amount of organic matter that accumulates in these systems (Kennish, 2002).
Peak numbers of bacteria exist in bottom sediments, with the highest cell counts recorded in
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mudflat and saltmarsh sediments containing elevated concentrations of organic matter
(Kennish, 2002). Detritivores consume detritus but appear to obtain most energy from
microbes (bacteria) attached to the detrital substrate. Detritus based food webs are most
conspicuously developed in shallow coastal bays and lagoon-type estuaries harbouring
extensive saltmarsh, mangrove and seagrass subsystems. In grazing food webs, phytoplankton
(diatoms, dinoflagellates and other microalgae) forms the energy base. Grazing-based food
webs predominate in deeper, clearer waters down-estuary.
3.4 Discussion
The identification of processes within estuaries at the ecosystem level is complex and the
importance of many processes has not been adequately resolved. In an attempt to determine
an overview of energy flow for South African systems, decades of research have been drawn
together (Allanson and Baird, 1999) and many of the findings of those review articles are
discussed above. However, the spatial and temporal variability within these estuaries has
hampered the accuracy and/or applicability of quantitative aspects of these studies (Hattingh
et al., 2001).
Biogeochemical processes, in particular nitrogen and phosphorus cycling, dominate the
literature on ecological processes in estuaries. A myriad of other processes, biotic and abiotic,
are overlooked and relatively neglected. Outside of nutrient cycling, the majority of literature
considers abiotic processes. When biotic processes are considered, they are usually related to
community structure observed in fish or macrobenthos assemblages, with little quantitative
testing of links to other processes influencing the structure. The gaps in knowledge of basic
distribution and life history of many species mean that many important processes may have
not yet been recognised or acknowledged, let alone understood.
The literature on estuarine processes is also spatially biased. The majority of the processes are
described or identified for the lower, muddy, marine end of estuaries. Processes involving the
estuarine riverine channel, adjacent wetlands, the estuarine catchment and the riverine
catchment as a whole have been poorly studied or described. The position, connectivity, and
processes within and between different habitats in the estuary and its catchment, and their
effects on the estuarine ecosystem as a whole have not been adequately studied. The role of
processes known to be important in riverine catchments, such as the flow and quality of
groundwater has not been adequately studied in estuaries.
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Knowledge of the behaviour of estuarine ecosystems in response to physical perturbations and
variability is low and there is no clear consensus on how to quantify the effect of stress on
estuarine ecosystems under all circumstances (Baird, 1999). There is also little in the
literature on any processes occurring in small, temperate, southern hemisphere, riverine
estuaries. The majority of process research and comparative reviews are from large, usually
northern hemisphere, estuaries with regular and predictable flows.
4. Pressures on Victorian estuaries
Kennish (2002) reviewed the major environmental threats and the environmental future of
estuaries worldwide (Table 1). Habitat destruction was the primary stress, with far reaching
ecological consequences including modifying the structure, function and controls of estuarine
ecosystems and contributing to the decline of biodiversity (Kennish, 2002).
Land clearing has decreased the diversity and extent of terrestrial vegetation in Victoria since
European settlement (RFA, 2000; Yugovic et al., 1999). This has decreased the habitat
diversity of Victoria’s estuarine catchments (Barton and Sherwood, In Prep). Land use
changes can impact on the quantity and quality of freshwater flow by affecting runoff rates,
and the input rates of sediment, woody debris and chemical pollutants (Gordon et al., 1992).
From a national assessment of catchment and river condition, NLWRA (2002) concluded that
a strong correlation existed between catchment land use and estuarine condition, but a better
understanding of the impact(s) was needed to adequately target and improve practices.
Concentrations of suspended matter in estuaries are being extensively modified by many
processes, through the damming of rivers and changes in or poor catchment land-use
practices. Population density in estuary catchments has been found to alter the type of bottom
sediment in the estuaries. Population densities above 10 people/km2 in Tasmanian catchments
changed the estuary sediment from sand to silt (Edgar et al., 2000). Within the estuary,
reclamation work and dredging has also altered the suspended-sediment loads and removed
potential areas of sedimentation within the estuary, thereby potentially modifying the capacity
of the estuary to act as a source or a sink for phosphorus. The nature of P cycling within
estuaries may have changed fundamentally as a result of human interference (Nedwell et al.,
1999). Habitat modifications within estuary catchments through drainage and flood mitigation
works have also been linked to acidification of tidal reaches (Sammut et al., 1996).
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Table 1. Ranking in order of importance of future anthropogenic threats to estuarine
environments based on assessment of published literature (Kennish, 2002).
Stress Principal Impacts
1. Habitat loss &
alteration
Elimination of useable habitat for estuarine biota
2. Eutrophication Exotic and toxic algal blooms, hypoxia & anoxia of estuarine waters,
increased benthic invertebrate mortality, fish kills, altered community
structure, shading, reduced seagrass biomass, degraded water quality
3. Sewage Elevated human pathogens, organic loading, increased eutrophication,
degraded water and sediment quality, deoxygenated estuarine waters,
reduced biodiversity
4. Fisheries
over exploitation
Depletion or collapse of fish & shellfish stocks, altered food webs, changes
in the structure, function, and controls of estuarine ecosystems
5. Chemical
contaminants
(a) Higher priority:
synthetic organic
compounds
(b) Lower priority: oil
(PAH’s), metals,
radionuclides
Adverse effects on estuarine organisms including tissue inflammation &
degeneration, neoplasm formation, genetic derangement, aberrant growth
and reproduction, neurological & respiratory dysfunction, digestive
disorders & behaviour abnormalities, reduced population abundance,
sediment toxicity.
6. Freshwater
diversions
Altered hydrology, salinity, & temperature regimes; changes in abundance,
distribution, & species composition of estuarine organisms
7. Introduced species Changes in species composition & distribution, shifts in trophic structure,
reduced biodiversity, species introduction of detrimental pathogens
8. Sea level rise Shoreline retreat, loss of wetland habitat, widening of estuary mouth, altered
tidal prism & salinity regime, changes in biotic community structure.
9. Subsidence Modification of shoreline habitat, degraded wetlands, accelerated fringe
erosion, expansion of open water habitat
10. Debris/litter
(plastics)
Habitat degradation; increased mortality of estuarine organisms due to
entanglement in debris & subsequent starvation & suffocation
4.1 Nutrients
The ecological impact of nutrient loads in an estuary will depend upon the morphology and
area of the estuary that receives the loads, and the residence time of the nutrients within the
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estuary (Nedwell et al., 1999). Small estuaries are likely to demonstrate a larger response to
eutrophication than big estuaries (Meeuwig, 1999). Nutrient cycling is well understood in a
few well-studied, large, high-nutrient estuaries, but it is unclear how much of this
understanding can be transferred to other estuaries (Nedwell et al., 1999). Australian estuaries
prior to major land use changes associated with European settlement were considered to be
low-nutrient systems and nitrogen limited (Harris, 1999; Roy et al., 2001). South African
estuaries are also generally considered to be nitrogen limited (Allanson and Winter, 1999).
Increased urbanisation can increase seasonal or persistent nutrient enrichment (Allanson and
Winter, 1999; Hessen, 1999). The export of phosphorus (P) is correlated to population density
and land use, and nitrogen (N) export from catchments has increased with increased fertiliser
use and atmospheric deposition (Hessen, 1999). Dissolved inorganic P is usually higher in
disturbed catchments (Nedwell et al., 1999). Seitzinger et al. (2002) experimentally compared
the proportion of DON utilised by estuarine phytoplankton from three different sources:
forest; agricultural pasture; and urban/suburban regions. They showed that the estuarine
phytoplankton utilised a high proportion of DON from urban/stormwater runoff compared to
the other two sources. Both forest and agricultural pasture sources had similar proportions of
bioavailable DON. There were significant seasonal differences in the proportion of
bioavailable DON from all three sources. The effect of nutrient enrichment on an estuary is
also highly dependent on the retention time of water in the estuary (Allanson and Winter,
1999).
The influx of nutrient elements (nitrogen and phosphorus) from anthropogenic activities
stimulates primary production of microphytes and macrophytes, leading in some cases to
excessive plant growth and elevated biomass that culminate in widespread and recurring
hypoxia (<2 mg l-1 dissolved oxygen) and anoxia (0 mg l-1 dissolved oxygen) due to
heightened benthic respiration (Deeley and Paling, 1998; Kennish, 2002). In southwest
Victoria, algal blooms have been recorded in the Hopkins (Rouse, 1998) and Curdies (Maher,
2001) estuaries. The Gippsland Lakes in eastern Victoria and the Peel-Harvey system in
Western Australia have also had extensive blooms. Those of the Peel-Harvey are probably the
most studied in Australia. Blue-green algae (Nodularia) blooms have been a problem in the
Peel-Harvey since 1980, with large blooms causing fish kills (DCE, 1984). The green alga,
Cladophora, has been a problem since the early 1960’s (DCE, 1984). Excessive phosphorus
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use in the sandy catchment and low flushing rates have been identified as the causal agents
(Deeley and Paling, 1998).
In a review of nutrient cycling in estuaries, Nedwell et al. (1999) concluded that you can’t
extrapolate nitrification of rivers to nitrification of coastal waters due to the intense nutrient
cycling that can take place within estuaries linking them. Although all nutrients are intimately
linked through their role in primary production, their cycling processes within estuaries are
markedly different and hence estuarine cycling can’t only change total nutrient loads, but also
modify the ratios of nutrients present. These modifications of nutrient ratios may have
important implications for both the extent and the number of species involved in primary
productivity in coastal waters. Extensive modification of estuaries and energy cycling as a
result of human activity, and the overall impact of such changes to nutrient fluxes to coastal
waters, need to be considered.
4.2 Other Pollutants
The biological, physical and chemical environments influence the severity of organic and
metal contamination and bioaccumulation (Allanson and Winter, 1999). Contaminants, such
as trace metals and organochlorines accumulate in biota, bottom sediments, and mangrove,
seagrass and saltmarsh areas (Roy et al., 2001). Organic contaminants are removed from
estuarine systems by volatilisation, degradation and photolysis (Allanson and Winter, 1999).
Metal contaminants are removed by chemical action, particulate sorption and biological
uptake or immobilisation (Allanson and Winter, 1999).
DOC can, to a great extent, regulate the bioavailability of metals as nutrients or toxicants by
complexation of trace metals in fluvic and humic acids (Hessen, 1999; Pace and Cole, 2002).
Microbial activity is also important in determining the bioavailability of pollutants (Allanson
and Winter, 1999). Trace metal speciation is a function of redox potential, which is related to
heterotrophic bacterial activity (Allanson and Winter, 1999). Trace metals affect microbial
organisms, hence denitrification and nitrogen cycling are likely to be more affected by
contamination than carbon cycling (Allanson and Winter, 1999). Abundances of
macrobenthos can decrease due to trace metal contamination (Allanson and Winter, 1999).
Most contaminant fate models are spatially explicit but abiotic in design, and those that
include biota don’t take into account predator-prey relationships or effects of toxicity on the
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abundance of biota (Koelmans et al., 2001). Food-chain bioaccumulation models rarely
address carbon and nutrient cycling, the growth of algae as a function of light condition and
nutrient status or the interaction between eutrophication and contamination (Koelmans et al.,
2001).
4.3 Reduced Flows
Flow alteration is becoming recognised as a major estuarine threat in temperate Southern
Hemisphere estuaries. Decreases in freshwater flow through water extraction or diversion
decrease the effective scour of inlet channels during floods (Wooldridge, 1999). The
frequency of effective river flooding decreases and shoaling within the channel takes place
over longer periods, requiring a flood of greater erosive capacity to remove the increased
volume of sediment (Wooldridge, 1999; de Villiers and Hodgson, 1999; Pierson et al. 2002).
Reduced flow also decreases riverine nutrient inputs that drive estuarine production
(Schlacher and Wooldridge, 1996). River-flow modification can have a greater impact on
estuarine ecology than on nitrification, through increasing the closure frequency and duration
of the bar at the mouth (Allanson and Winter, 1999). This prevents tidal flushing of the
estuary and migration of species into and out of the estuary (Schlacher and Wooldridge, 1996;
Pierson et al. 2002). As a result of anthropogenic perturbations, especially water diversion
and extraction, the range of estuary types in South Africa is being reduced (Wooldridge,
1999). Individual systems are becoming less dynamic and there is a shift towards lower
zooplankton biomass as freshwater flow decreases (Wooldridge, 1999).
Major dams in the catchment can decrease the export of all elements downstream to the
estuary (Hessen, 1999; Pierson et al. 2002). The flux of silicon to estuaries has decreased
because of this and increased uptake by freshwater algal blooms due to eutrophication
(Hessen, 1999). DOC can change substantially in response to large scale environmental
changes, increasing with clear-cutting and wildfires, and decreasing with acidification and
long-term global warming (Pace and Cole, 2002).
In stratified, or layered, estuaries, anthropogenic reductions in river flow resulting from
diversion for domestic, agricultural or industrial purposes may reduce the depth of lower-
salinity, oxygenated, surface waters (Pierson et al. 2002). Increased nutrients also have the
potential to alter the spatial and temporal extent of anoxic conditions through their impact on
productivity. In both cases, the predominantly aerobic estuarine community may become
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more vulnerable to major loss of habitat if the oxycline is brought closer to the estuary surface
(Barton and Sherwood, In Prep).
Fifteen years of research on the Kromme River in South Africa was summarised by Baird
(1999). Comparisons pre- versus post- damming of the freshwater flow provide valuable
insight into the temporal variation in energy cycling and the impact of flow reduction. After
damming there was a significant increase in standing biomass of macrophytes. There was a
corresponding decrease in dissolved inorganic nutrients and phytoplankton. Turbidity
decreased, as did current velocity, and sediment deposition and salinity regime stability
increased leading to a very large increase in macrophytes. The standing stock of the
heterotrophic component doubled but there was a change in the distribution of heterotrophs in
the estuary. Water-column heterotrophs decreased, probably because of the decline in
phytoplankton. Most of the biomass increase occurred in the marshes where there was an
increase in suspension feeders and detritivores. There was a decrease in the direct
consumption of primary producers by herbivores, due to reduced phytoplankton. The
configuration of the carbon flow remained essentially the same. Overall there were varying
changes in biomass in different parts of the system and in the rates of flow between various
parts of the system.
4.4 Other Threats
Introduced species pose a considerable threat to estuaries with over 150 species establishing
themselves in Australian estuaries (Edgar, 2001). In southeastern Tasmania and Port Phillip
Bay introduced species comprise over 70% of the total weight of invertebrates (Edgar, 2001).
Modification of the immediate estuarine catchment, by drainage, flood control, and artificial
mouth opening has resulted in habitat loss (Barton and Sherwood, In Prep) and acid sulfate
problems (Sammut et al., 1996). The impact of climate change will be dependant on an
estuary’s geomorphology, with the most common effect probably being a change in flooding
regime, increased bank erosion, inland migration of the estuary and increased water area,
displacing habitats (Kennish, 2002; Sherwood, 1988).
5. Indicators and condition assessment
5.1 Concepts
Indicators are organisms, species or community characteristics of a particular habitat or are
indicative of a particular set of environmental conditions. A parameter is a measure,
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determining if and how that parameter changes due to processes in the estuary may make it an
indicator, especially if it is reliable, reproducible and has a tight causal relationship (Cairns et
al., 1993). Good indicators for monitoring also should require relatively low expertise, be
relatively inexpensive and give quick results.
Environmental indicators should be able to track the condition of the environment and the
human activities that affect it (SOE, 1996; SOMER, 1995). They provide a scientific basis for
long-term planning of environmental monitoring and related activities. This includes early
warning of potential problems, and the effectiveness of policies and programs designed to
respond to environmental change. They can measure the progress towards achieving
environmental standards and targets, and help in the identification of gaps in knowledge.
Categorising indicators as measures of either Pressure, State or Response is an established
practice in Australia and is used in SOE reporting (Fairweather and Napier, 1998; Ward et al.,
1998) and the ANZECC and ARMCANZ Australian water quality guidelines (ANZECC and
ARMCANZ, 2000). A Pressure (or stressor) indicator describes the degree of human impact
on receiving systems, a State indicator reflects the state of the system or its degree of
exposure to stressors, and a Response indicator is a measure of the nature of policy and
management involvement enacted to mitigate pressures.
No single environmental indicator will unambiguously measure the interactions between
ecosystem form and function, resilience and stability of biological communities and response
of the estuarine system to anthropogenic stress (Deeley and Paling, 1999). Inconsistencies
may regularly confound health assessments (Fairweather, 1999b). It is a relatively simple task
to define indicators of status quo (e.g. the degree of eutrophication) but it is considerably
more difficult to develop a predictive capacity (Deeley and Paling, 1999). Consequently it
may only be possible to undertake a system performance audit, or to assess the success of the
chosen integrating measures of health over decades, or after considerable monitoring and
refinement of the ecosystem measures (Deeley and Paling, 1999).
There is a growing sentiment among ecologists that changes in community structure may be a
poor indicator of environmental change in highly variable environments inhabited by mobile,
fugitive taxa, and that biotic processes are less variable (Brooks et al., 2002). For
bioassessment work, measures of ecosystem function often require higher levels of training
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and a larger investment in technology in the field. However, such drawbacks may be offset by
the fact that indicators of function measure ecosystem processes directly rather than inferring
process rates from community data, and so may be less variable in space and time and thus
more easily interpreted (Fairweather, 1999a). In addition, data on function can often be
collected in a shorter period of time with no laboratory processing and may be considerably
cheaper than obtaining community structure data (Brooks et al., 2002).
5.2 Review of estuarine indicators and monitoring
Characteristics that are often used to measure ecosystem health include: biomass;
productivity; nutrient cycling; species richness and diversity; food web complexity; niche
specialisation; spatial diversity; size distributions of organisms and their life styles; disease
prevalence and mortality rates (Deeley and Paling, 1999). However there is a problem in that
all of these are data dependant (Deeley and Paling, 1999), and we are lacking a lot of the data
for Victorian estuaries. Clear causal relationships between changes in indicators and stresses
have not been established for any of these indicators, reflecting our inadequate understanding
of estuarine ecosystems and their important processes.
A range of indicators are discussed by Deeley and Paling (1999) and are presented in
Appendix 4. Their discussion includes biotic and abiotic indicators for catchments and
estuaries as well as their state of development, current understanding of causal relationships
and relative benefits and problems as estuarine health indicators. They concluded that
periphyton and phytoplankton appear to be useful for describing nutrient enrichment, salinity
and pH profiles but complicating factors such as the nature of coupling of secondary
production need to be identified and addressed. Life histories of local indicator species also
need to be determined. Zooplankton appears to be of limited use as environmental indicators,
but may be useful as an element of biotic indices that relate to trophic groups. One of the
major impediments to using planktonic organisms for inferring the condition of estuarine
health is the considerable vertical, horizontal and temporal heterogeneity displayed by these
organisms in both disturbed and undisturbed systems. Plankton biomass and productivity
were used successfully in Moreton Bay to assess nutrient enrichment in coastal waters
(Dennison and Abal, 1999).
Deeley and Paling (1999) were very positive about the potential of benthic
macroinvertebrates, reporting that they have been successfully used to describe the nature and
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magnitude of organic enrichment in estuaries. Community structure, biomass and relative
abundance of functional groups and indicator species have been developed and used as
environmental indicators.
A lack of information about interactions governing diversity and evenness of biotic
communities, and the relative stability and resilience of the ecosystem is a concern noted by
Deeley and Paling and also expressed by other researchers (Moverley and Hirst, 1999;
Mondon et al., 2003; P. Scanes, NSW EPA, pers. comm.; S. Thrush, NIWA NZ, pers.
comm.). In intermittently closed estuaries, abundances are very variable, there are very few
common species and a lot of rare species, the community is probably structured by mouth
closure, which limits recruitment and changes physico-chemical conditions (Moverley and
Hirst, 1999; Parreira, 2000; Teske and Wooldridge, 2001). Species richness, diversity indices
and measures of biomass are probably the most widely used indicators in the literature, but
generally without appropriate critical analysis of their utility (Deeley and Paling, 1999). There
is contention about the efficacy of indicators that use macroinvertebrate community structure
for assessing estuarine health and they are still in the research phase. Meiofauna on artificial
pneumatophores looked very promising as an experimental unit, and may have potential in
indicator development (Gwyther, 2002).
Deeley and Paling (1999) found a myriad of biotic indices that use the ratios of functional
groups within and across trophic levels that have been described in the international literature.
They concluded that there are problems in defining weightings for elements contributing to
these biotic indices and that the loss of valuable information during these types of data
reduction limits their potential. Detailed life history or general biology of animals used to
assign them to functional groups is required for many biotic indices. While this type of
information is potentially available for some cosmopolitan species, it is generally lacking for
endemic species that may reflect important characteristics of the local environment.
As with biotic indices, they found a wide a range of combined metrics described in the
literature. Metrics generally combine physico-chemical elements, and may include some
biological information. Many of the problems of biotic indicators apply equally to metrics,
but when calibrated for a particular local situation, they offer considerable discriminatory
power. Again, loss of information through data reduction is a concern (S. Thrush, NIWA,
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pers. comm.) although some indices preserve the information for access at different levels of
detail (e.g. Index of Stream Condition, (Ladson and White, 1999)).
Microbial indicators were not specifically covered in Deeley and Paling (1999), however their
importance in geochemical processes, particularly carbon cycling, in estuaries does warrant
them being examined as indicators. Generally, direct measures of microbes have only been
used as indicators for beneficial uses that relate to human health and swimming (Awal, 2002;
EPA, 1997). Although traditional microbial techniques are often considered too expensive
and time consuming, newer methods such as extra cellular enzyme activity (Foreman et al.,
1998; Sinsabaugh et al., 1997) and production measurement through DNA marking (Findlay
et al., 1996) have been used to examine estuarine food webs (Findlay and Sinsabaugh, 1999)
and the effects of land use (Findlay et al., 2001). Barton (unpublished data) has found that
simple microbial community structure and functional measures distinguish between open
coast and embayment estuaries and also across different levels of gross condition along the
Victorian coast. Bacterial numbers and activity have been shown to increase in and around
seagrass beds in Queensland and the Northern Territory, presumably in response to the
increased availability of organic matter (Moriarty and Boon, 1989). Microbial activity is a key
component of detrital trophic dynamics. Research on decomposition of seagrasses in
Victorian estuaries may assist development of indicators of detrital dynamics (A. Pope, DU,
pers. comm.). Techniques from terrestrial soil research e.g. ‘Shirley cloth strips’ are also
being trialed as indicators of cellulolytic microbial activity or decomposition rates in estuarine
sediments (A. Boulton, UNE, pers. comm.; A. Pope, DU, pers. comm.). Use of microbial
indicators for ecosystem health is still a developing field and very much still in its early
research phase.
Macrophytes are currently being used as indicators of estuarine condition. The maximum
depth of the edge of seagrass beds seems to correlate well with light penetration and turbidity
and is in use in NSW (P. Scanes, NSW EPA, pers. comm.) and Qld (Dennison and Abal,
1999). Other seagrass measures, such as productivity and biomass do not seem to be as useful
in intermittent estuaries (P. Scanes, NSW EPA, pers. comm.). In NSW there appears to be a
good relationship between macroalgal biomass on the estuary’s edge and its nutrient load and
land use (P. Scanes, NSW EPA, pers. comm.). Macroalgae have also been used in the
Moreton Bay study to track the extent of sewage contamination (Dennison and Abal, 1999).
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In South Africa macrophytes have been used as indicators of freshwater flow alteration
(Adams and Bate, 1994 a & b in Pierson et al., 2002; Wortmann et al., 1998).
Fish hold great recreational and commercial interest, and fishing is one of the primary
recreational activities of visitors to Victorian estuaries (Koehn, 1984). Commercial fishing is
restricted to the large embayments except for the short-finned eel fishery (Barton and
Sherwood, In Prep). Variation in fish species use of individual estuaries or estuarine habitats
is relatively unknown in Victoria (T. Raadick, MAFRI, pers. comm.). This has restricted their
development as an indicator for Victorian estuaries. Fish are one of the core indicators in
South African estuarine health monitoring (Harrison et al., 2000; McGwynne and Adams,
2003; SOE, 2000). Fish, along with geomorphology, were used to classify South Africa’s
estuary types, and fish community structure (species richness, composition and relative
abundance) was used to assess estuarine condition.
Avifauna are often overlooked when assessing estuarine biotic communities, but they are
important food web components capable of controlling prey abundance or denuding extensive
areas of submerged aquatic vegetation (Hockey and Turpie, 1999). Bird excretion also
delivers faecal nitrogen and pathogens that can compromise water quality (Kennish, 2002).
Estuarine wetlands are important bird habitats, and some Victorian estuaries are listed as
RAMSAR sites or in the National Directory of Important Australian Wetlands (EA, 2002).
Many waders are subject to the terms of the Japan Australian Migratory Birds Agreement
(JAMBA, 1974) and the China Australia Migratory Birds Agreement (CAMBA, 1986).
Waterbirds have been incorporated into South African estuarine indicators, but have not been
widely used elsewhere (McGwynne and Adams, 2003).
Water quality indicators, including nutrients and toxicants, are very variable in estuaries and
need extensive spatial and temporal sampling (Deeley and Paling, 1999). This is especially so
for small, intermittently closed systems (A. Pope, DU, pers. comm.; P. Scanes, NSW EPA,
pers. comm.). Salinity is useful in the classification stage of developing estuary monitoring
programs, in determining how well mixed an estuary is and for the upper extent of the estuary
(P. Scanes, NSW EPA, pers. comm.). In NSW it has been found that physico-chemical
indicators do not correlate well to catchment loads in intermittent estuaries (P. Scanes, NSW
EPA, pers. comm.). High nutrient loads to intermittent estuaries do not seem to elevate
nutrient concentrations of the open waters because of very high productivity along the
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shoreline (P. Scanes, NSW EPA, pers. comm.). This is quite different from the nutrient export
models that are used in the northern riverine estuaries (Eyre, 1998), suggesting that
intermittent estuaries function differently (P. Scanes, NSW EPA, pers. comm.).
The Australian Water Quality Guidelines (AWQG) (ANZECC and ARMCANZ, 2000)
provide general environmental quality guidelines for south-eastern Australian estuaries.
However, the guidelines are mostly based on data collected from large well-mixed estuaries
that are largely marine, and are not representative of the predominantly small, stratified
riverine estuaries in Victoria. The guidelines do not discuss stratification and differences in
water characteristics between top and bottom waters. Although data from Victoria’s estuaries
are limited, they suggest that the guidelines may not be applicable for the majority of
Victorian systems (EPA, unpublished).  Nevertheless, the availability of guidelines for certain
parameters should warrant specific examination of their potential for use as indicators in any
state-wide program.
It is necessary to evaluate a broad range of potential indicators simultaneously in order to
define appropriate ecological-health indicators to underpin management efforts.
Some problems in estuaries require long-term systematic programs of study to obtain relevant
and essential data. Estuaries are ‘slow’ systems with decadal time constraints for interactive
loops of implementing management measures and subsequent assessment of their success
(Deeley and Paling, 1999). Because many investigations of anthropogenic impacts on
estuaries are expensive and labour intensive, data gaps are common (Kennish, 2002).
6. Estuarine monitoring and assessment programs
6.1 Australia
There is no national estuarine monitoring program for Australia. National State of
Environment reports rely on data collected by the states and territories (SOE, 2001), as did the
recent National Land and Water Audit (NLWRA, 2002). This data is patchy, ad hoc, short
term and predominantly from estuaries in close proximity to major population centres or with
already identified major issues, or both (Deeley and Paling, 1999). There is no national
estuary policy, and within states and territories the management responsibilities for estuaries
are often are unclear (Awal, 2002; NLWRA, 2002). The Coastal CRC has developed a
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National Estuaries Network, of scientists and state managers, which meets twice a year.
Estuarine monitoring has been discussed in this group, but not in terms of state-wide
approaches and structures (R. Counihan, CCRC, pers. comm.).
6.1.1 Victoria
Victoria does not have a state-wide estuary monitoring program. There have been studies that
go some way in providing inventory and assessment data for some estuaries, but this is ad hoc
across the State. Estuarine research in Victoria has been undertaken primarily in the two large
bays, Port Phillip (Harris et al., 1996; Poore and Kudenov, 1978) and Western Port (EPA,
1996; Hughes et al., 2003; Wallbrink and Hancock, 2003), as well as the Gippsland Lakes
(Harris et al., 1998; Poore, 1982). In the smaller, western Victorian estuaries, a substantial
body of knowledge has been built up by the research led by Associate Professors John
Sherwood and Brad Mitchell at Deakin University (e.g. Arundel, 2003; Barton and Sherwood,
In Prep; Matthews, 2001; Mondon et al., 2003; Newton and Mitchell, 1999; Sherwood, 1988;
Sherwood et al., 1997).
In recognition of the lack of knowledge about the majority of Victoria’s estuaries, EPA
Victoria initiated research and monitoring in riverine estuaries in the late 1990’s. It currently
undertakes monthly monitoring in three western Victorian estuaries: the Curdies, Aire and
Gellibrand rivers. This monitoring is focused on investigating long-term variation in  salinity
regime and nutrient levels.. Thirty-one estuaries (Appendix 2), including the three previously
mentioned, were also sampled in spring (high flow) and autumn (low flow) over the past four
years. The focus of this sampling was on  characterising the physico-chemical environment,
and basic habitat and catchment assessment.
In addition, an intensive study of two relatively unmodified estuaries, Kennett and Tidal
rivers, has been undertaken in recent years. The primary focus was the characterisation of the
variation in macroinvertebrate community structure. Developing an understanding of physico-
chemical water and sediment environment and its influence on the ecology were also an
important component.
The EPA data is being used in a PhD research partnership between EPA and Flinders
University, to examine and inform the development of indicators of estuarine health for
Victoria (Barton, unpublished). This research is due to be completed in late 2004.
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EPA also has a fixed site marine water quality network in Port Phillip and Western Port Bays,
and ongoing monitoring in the Gippsland Lakes in relation to water quality and algal blooms
(L. Dixon, EPA, pers. comm.). EPA is also involved in the Western Port Seagrass
Partnership, a community program, monitoring seagrass condition and replanting trials.
In Western Port Bay, SEDNET, a 3-year collaborative project between CSIRO and
Melbourne Water (MW) has just concluded (Hughes et al., 2003; Wallbrink and Hancock,
2003). The sources and history of sediments in the bay’s mudflats was investigated using
radioisotope tools. The outcomes from the project are being incorporated into MW stream
management. A conceptual model for Western Port Bay sedimentation processes has been
developed with the Coastal CRC and CSIRO, and the next step will be the creation of a Risk
Support System and computer model (G. Rooney, MW, pers. comm.).
Melbourne Water is also using physico-chemical and bacteriological data from its long term
site on the Yarra near Princes Bridge to investigate pathogen densities after storm events (G.
Rooney, MW, pers. comm.). This compliments the work it is doing with EPA investigating
and monitoring pathogen contamination and human health risks on the beaches of Port Phillip
Bay.
Mondon et al., (2003) recently completed a classification and risk assessment of the 46
estuaries in western Victorian using physico-chemical, catchment and land use, and biological
information (see section 2.1). Mondon et al., (2003) provides an inventory, regionalisation
and risk assessment for management, and more detailed analysis of the study outcomes is
expected to follow (J. Sherwood, DU, pers. comm.).
Barton and Sherwood (In Prep) in their review of ecological information for five western
Victorian estuaries, found the knowledge gaps and risks associated with artificial estuary
mouth opening to be high. Monitoring and risk assessment is required of the licence holder
prior to opening, and usually consists of physico-chemical sampling within the estuary to
establish the depth of oxygenated water and assess the risk of fish kills. The impact of
artificial mouth opening cannot be adequately assessed with this level of monitoring.
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The Marine and Freshwater Research Institute (MAFRI) have numerous current research
projects, predominantly in Victoria’s bigger estuaries and bays. A number of projects are
focused on determining fish habitats, for both commercial and recreationally important
species (MAFRI, 2003). Methods include mapping seagrass in the major inlets and bays,
using stable isotope analysis of fish otoliths, and habitat surveys by commercial and
recreational fishers. The impact of introduced species is another research focus, particularly
the impact on nutrient cycling.
Waterwatch Victoria is developing community coastal and estuarine monitoring, and has
produced a monitoring manual (Waterwatch, 2000) outlining some indicator methods, design
considerations, and data quality requirements. Monitoring programs are in place along the
Gippsland coast from Mallacoota to Anderson Inlet, and on the Otway coast at Erskine and
Kennett Rivers. Sampling is primarily physico-chemical, including dissolved oxygen (DO),
salinity, ortho- and total-phosphorus, temperature, Secchi depth and pH (J. Hand, EGCMA,
pers. comm.).
Moverly and Hirst (1999) sampled 19 estuaries along  the coast of Victoria and 10 estuaries in
NSW to test whether a RIVPAC-type approach using estuarine macroinvertebrates could be
used to assess estuarine environmental health. They found the use of a RIVPAC-type model
to be questionable because of the low numbers of taxa predicted to occur at test sites and
recommended further development of a k-dominance method.
6.1.2 Tasmania
Tasmania does not have a state-wide monitoring program for estuaries, but it does have some
estuary-specific programs focusing on the Derwent, Huon, and Tamar rivers, and on
Macquarie Harbour (C. Coughanowr, DPIWE, pers comm.). The D’Entrecastreaux study,
which includes the Huon River, builds on earlier work by CSIRO where water quality was
modelled in regard to fish farming using a 2 dimensional model of the interchange with
seawater (CSIRO, 2000) . Current work is planning to extend this with sampling at multiple
depths, as the Huon can stratify, to develop a 3 dimensional model.
In one of the first field assessments of Australian estuaries on a large spatial scale, Edgar et
al., (1999) classified Tasmania’s 111 estuaries into nine groups by physical attributes.
Baseline information on abundance, biomass and estimated production of macroinvertebrates
35
were collected in 48 estuaries and fish distribution data from a previous study were
incorporated (Edgar and Barrett, 2000; Edgar et al., 1999). The nine groups were found to be
useful for categorising faunal relationships between estuaries. Two disturbance indices were
developed as indicators of estuarine health. The conservation significance of each Tasmanian
estuary was assessed and recommendations for the protection of these estuaries made (Edgar
et al., 1999; Edgar et al., 2000). Edgar (UT, pers. comm.) is currently developing a low cost
protocol for collecting continental-scale data on macrobenthos.
Murphy et al., (2003) follows on from the recommendation of Edgar et al., (1999) to collect
baseline data from as many estuaries as possible for the important physical variables. In 22
estuaries, including most of the types of estuaries identified in Edgar et al. (1999) physical,
chemical and biological parameters were collected monthly. The baseline data has been used
to derive region-specific draft indicator levels to be used in preference to ANZECC guidelines
(Murphy et al., 2003). The authors recommended that a comparative assessment to their
study, be conducted every five years.
The Tasmanian Aquaculture and Fisheries Institute (TAFI) is also involved in mapping
seagrass and other habitats to use as a baseline to monitor change over time (Jordan et al.,
2001). This mapping is similar to that done in Victoria by MAFRI .
6.1.3 New South Wales
NSW has no formal state-wide monitoring program and the issue of what to monitor has been
fairly vexatious (D. Rissik, DSNR, pers. comm.; P. Scanes, NSW EPA, pers. comm.). Most
estuarine monitoring is conducted by local government and is fairly ad hoc (D. Rissik, DSNR,
pers. comm.). The Sydney Coastal Councils Group have been working with their signatory
councils to provide training on how to conduct a monitoring program. The Great Lakes
council have set up collaborative projects with universities and are getting some hypothesis
driven monitoring and studies done, which is improving their understanding of processes as
well as giving them an idea of management responses (D. Rissik, DSNR, pers. comm.).
Hornsby Council has an peer reviewed monitoring program on a number of temporal and
spatial scales (D. Rissik, DSNR, pers. comm.). Their program also involves real time data
collection using in situ fluorometers and instrumentation.
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Various water agencies in NSW are trying to negotiate a water monitoring strategy that will
formalise methods to monitor all waterways (including tidal waterways) in the state. The
strategy will include aspects such as QA/QC and training. A new estuaries manual is currently
being developed (J. Wilson, DIPNR, pers. comm.).
As part of State support for the development of individual estuary management plans under
the NSW coastal policy, the Department of Sustainable Natural Resources (DSNR) has a
rolling monitoring program. Instruments are deployed in an estuary for approximately 2 years
to collect standard data such as salinity, temperature, water level, pH, turbidity and DO for the
management plan. Over 25 estuarine management plans are now in place.
DSNR and National Parks have been monitoring in Myall lakes because of an algal bloom
crisis 2 years ago, and this project will probably continue. In collaboration with universities
and local government in the Wollongong area (Pt Hacking to Durras Lake), DSNR is
undertaking a pilot study in four waterways to develop an Ecosystem Integrity Index, as
proposed by NLWRA (2002). Parameters include chl a, nutrients, turbidity, faecal coliforms,
macroalgal biomass, critical habitat loss and ecosystem events (blooms, fish kills). It aims to
determine the appropriate parameters to include in the index and a sampling design for
ongoing monitoring (G. Quinn, MU, pers. comm).
NSW EPA have been doing research for a number of years on indicators of estuarine
condition (P. Scanes, NSW EPA, pers. comm.). Studies have been focussed on 18-20
intermittently open estuaries along the South coast, examining indicators and their correlation
with catchment loads and condition. Indicators include nutrient fluxes, micro and macroalgal
growth, macroalgal biomass and seagrass productivity, biomass and maximum depth (P.
Scanes, NSW EPA, pers. comm.). Extensive sampling to build nutrient/eutrophication models
has been carried out for 2 estuaries.
A lot of the assessment that has been conducted in NSW estuaries has not been long term in
nature but rather for specific investigations and while they have produced good results is not
monitoring per se (e.g. Tuggerah Lakes, (Kennedy, 1997) and Brunswick River (Parslow et
al., 1999). Community monitoring in NSW has been useful for measuring loads and water
height during events. (P. Scanes, NSW EPA, pers. comm.).
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Moverly and Hirst (1999) sampled 10 estuaries along the coast of NSW and 19 estuaries in
Victoria to test whether a RIVPAC-type approach using estuarine macroinvertebrates could
be used to assess estuarine environmental health. They found the use of a RIVPAC-type
model to be questionable because of the low numbers of taxa predicted to occur at test sites
and recommended further development of a k-dominance method.
6.1.4 South Australia
South Australia does not have a state-wide estuary monitoring program. The Department for
Environment and Heritage is the lead agency undertaking research on South Australia’s
estuaries. Ambient water quality monitoring is undertaken in Port River estuary and lakes
Alexandrina and Albert near the mouth of the Murray River (NLWRA, 2002). A more
extensive Port River monitoring program is just starting up, as is Waterwatch monitoring.
Waterwatch SA has put together a review document on methods suitable for community
monitoring (Coleman and Cook, 2003).
6.1.5 Western Australia
Western Australia has a long history of estuarine research (Fairweather, 2003). Its
southwestern estuaries are intermittently closed and research in them is quite relevant to
Victoria (Barton and Sherwood, In Prep; Fairweather, 2003). Professor Ian Potter and fellow
researchers at Murdoch University, have conducted extensive research on fish in these
estuaries (e.g. Potter and Hynes, (1999)). How seagrasses cope with intermittent opening has
been researched by Professor Di Walker’s team at the University of WA (e.g. Carruthers et al.
(1999)).
The Water and Rivers Commission has an ambient water quality monitoring program with
rigorous quality assurance and data management procedures. Much of the Commission’s
work is related to eutrophication, algal blooms and local estuarine management (NLWRA,
2002). The majority of research and assessment has been done in estuaries recognised as
being under risk, including Albany Harbour, Wilson Inlet (Humphries et al., 1982; WRC,
1998; WRC, 1999; WRC, 2000; WRC, 2002), Leschenault Inlet, Peel-Harvey Inlet (DCE,
1984) and the Swan Canning estuary (Riggert, 1978). This research has been used to develop
specific management plans for these 5 estuaries. Inventories of knowledge on the numerous
small southwest estuaries were complied by Hodgkin in the late 1980’s (Hodgkin and Clark,
1987; Hodgkin and Clark, 1988; Hodgkin and Clark, 1990).
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Deeley and Paling (1998) investigated estuarine health in eight southwest estuaries.
Parameters measured were water and sediment nutrient concentrations and the community
structure of phytoplankton and benthic macroinvertebrates. The latter were found to be useful
indicators of estuarine health.
6.1.6 Queensland
Queensland EPA had a broad scale ambient water quality program, running from 1992 to
1999 covering 25 estuaries from the NSW border north to Cairns (A. Moss, Qld EPA, pers.
comm.) The north Qld component ceased in 1999, the Central Qld program is still ongoing
and the SE Qld program has been incorporated into the Ecological Health Monitoring
Program (EHMP), a collaborative program with the Coastal CRC. The indicators include
salinity, pH, turbidity, temperature, dissolved oxygen, Chl a, nitrogen and phosphorus.
Monitoring is monthly, with sites located about every 2-4 km depending on the size of the
estuary. The main aim of the program is to assess long term trends and a major report on the
results is about to be published. Other reports are available on the Qld EPA website. The
program has also served many other purposes including condition assessment, deriving
reference data for guidelines, and baseline information for licensing (A. Moss, Qld EPA, pers.
comm.). The EHMP focuses on Moreton Bay and its catchment, and includes research and
development of new indicators (Dennison and Abal, 1999).
Queensland EPA, in another collaborative project with the Coastal CRC is developing
integrated indices for monitoring coastal water and estuaries. This project is applying the
general principles of the Index of Stream Condition that was developed in Victoria for
freshwaters (Ladson and White, 1999) to estuarine and nearshore coastal areas (A. Moss, Qld
EPA, pers. comm.).
The Department of Primary Industries, Queensland Fisheries Service is investigating and
gazetting areas of key fish habitat in estuaries, and by 2005 the majority of the coast will have
been investigated (NLWRA, 2002).
Waterwatch Queensland is working with government agencies to develop methods for
community monitoring, complimenting the Seagrass-Watch program that operates in Hervey
Bay (NLWRA, 2002).
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6.1.7 Northern Territory
Nothing sourced.
6.2 South Africa
South Africa has a 60 year history of co-ordinated estuarine research (Heydorn, 1984). This
has been summarised in Day (1981) and Allanson and Baird (1999). Indicators of estuarine
condition have been used for management for nearly 2 decades (Breen and McKenzie, 2001;
Cooper et al., 1993; Harrison et al., 2000; McGwynne and Adams, 2003; SOE, 2000).
In 1993, a co-ordinated research program on decision support for the conservation and
management of estuaries was launched by the Consortium for Estuarine Research and
Management (CERM) (Hattingh et al., 2001). Decision support systems are structured around
key issues, with currently available information providing the basis for individual decision
support. CERM identified the collation of available scientific information on individual
estuaries as a high priority. Whitfield (2000) is the latest of these summaries, in which
information available for each of South Africa’s estuaries is classed as either
physical/chemical, biological/ecological, syntheses/reviews or reports/documents. From this,
estuarine condition is classified as either excellent, good, fair, or poor. Even with the large
amount of research done on South Africa’s 370 estuaries, 68% have no or poor amounts of
information, 22% have a moderate amount of information and only 10% have good or
excellent information (Whitfield, 2000). In addition, most of South Africa’s estuaries do not
have management plans (L. McGwynne, WRC, pers. comm.).
The State of Estuaries Report (Harrison et al., 2000; SOE, 2000) brings together and analyses
the survey results of a national program to assess the state of South Africa’s estuaries. The
surveys, conducted during the period 1992 to 1999, were based on the Estuarine Health Index,
(Cooper et al., 1993) and included fish, water quality, and geomorphological and aesthetic
observations.
A conceptual classification of geomorphic variability was produced from these surveys,
recognising 6 basic types of estuaries based on mouth state, and size. Using fish and
geomorphological data three biogeographic regions were delineated. The fish community
structure (species richness, composition and relative abundance) of each estuary type within
each biogeographic region was described and this was used as a reference against which each
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estuary could be assessed. An estuarine water quality index provided a ‘snapshot’ of the
average water quality. Three criteria were used: suitability for aquatic life (dissolved oxygen,
oxygen absorbed, un-ionised ammonia), suitability for human contact (faecal coliforms), and
trophic status (nitrate nitrogen, ortho-phosphate). Aesthetic observations on each estuary were
divided into 14 weighted categories: floodplain land use, shoreline status, estuary surrounds,
bridges, dams and weirs, mouth stabilisation, litter and rubble, human use, algal growth,
turbidity, odour, air pollution, noise, and invasive and exotic vegetation.
The study is a summary of the status of South Africa’s estuaries, however it recognises the
need to make all of the basic data available to interested parties. Not all the data from the
surveys has been investigated, in particular aspects of fish community structure such as
biomass composition, life-history styles and trophic structure. A physical water quality
impairment category, with temperature, salinity, pH and turbidity should also be explored and
water quality rating curves for different estuary types investigated. The geomorphological
classification is based only on available data and additional information is required to
improve its resolution, for example mouth condition and tidal prisms. Long-term data sets are
also required to establish the range of the natural variation between and within estuaries on a
seasonal and interannual basis. This would provide a better understanding of how estuaries of
various types function, a critical requirement for effectively managing coastal issues such as
artificial breaching of entrance bars, environmental flow requirements, eutrophication of
estuaries and biological functioning. Investigations into other estuarine components (e.g.
hydrology, sediment biogeochemistry, vegetation, zooplankton, zoobenthos, birds, habitat
assessment, catchment land-use) should also be undertaken to ensure a more complete
appraisal of the ecological integrity of South Africa’s estuaries.
As part of the Eastern Cape Estuaries Management Programme, a protocol for monitoring
estuaries is being compiled (McGwynne and Adams, 2003). The protocol is based on a model
of sustainable use proposed by Pajak (2000) which measures the progress of an ecosystem
towards sustainability by simultaneously monitoring change in elements of the biophysical,
social and institutional environments. The protocol (draft) (Appendix 5) includes the goals
and objectives of the monitoring program as well as objectives for each component. It
involves the use of an objectives hierarchy to ultimately identify the indicators used for
monitoring as discussed in Rogers and Biggs (1999). There are 11 generic indicators in the
protocol: hydrodynamic and sedimentary processes; water quality; plants, animals and
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habitats; human population; control of human activities; planning and development; law
enforcement; cooperative governance and co-management; estuary management; economic
contribution of resources; and basic human needs (Appendix 5). Within each group are
specific indicators, with a description of their type (Pressure/State/Response), data availability
and recommended monitoring frequency.
One of the important products of CERM has been the production of an estuaries management
handbook for South Africa (Breen and McKenzie, 2001). This handbook serves as a primary
information resource for all estuarine stakeholders to support the effective management of
estuaries. Information in the handbook covers the value, and structure and functioning of
estuaries, the influence of human activities, how to become involved in management and
assessing the state of an estuary, as well as estuarine policy and legislation.
6.3 New Zealand
New Zealand does not have any large scale regional estuary monitoring program. Like
Australia, the majority of estuarine monitoring is carried out in individual estuaries by local
councils (S. Thrush, NIWA, pers. comm.) Manukau, Waitemata, and Mahuriangi Harbours
have long-term, time-series based programs.
With Auckland University, NIWA is developing a multivariate indicator of the health for
urban estuaries (S. Thrush, NIWA, pers. comm.). The indicator is based on a large amount of
background data and some complex analysis but is simply presented, something that all health
indices should aspire to.
6.4 Northern Hemisphere
6.4.1 United States of America
The Coastal Research and Monitoring Strategy (CRMSW, 2000) brings together Federal,
State, Tribal and Non-Governmental organisations and develops a co-ordinated, multi-agency,
interdisciplinary approach to address the problems of coastal water quality and coastal
resources. The strategy was a response to the problem that there was no nationally consistent,
comprehensive monitoring programs to provide the information necessary for effective
management of coastal systems. A key feature of the strategy is the nesting of designs to
allow State-specific issues to be addressed in a national context, collective reporting and
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cross-system comparisons. The strategy is based on the three-tiered approached developed by
the United States Environmental Protection Agency (USEPA): (1) characterisation of
problem; (2) diagnosis of causes; and (3) diagnosis of interaction and forecasting. The first
tier is broad scale surveys, the second involves resource specific surveys and the third
requires intensive monitoring and research index sites with higher spatial and temporal
resolution to determine specific mechanisms of cause and effect. Data and information
generated at each tier help the interpretation of results from the other tiers.
The National Coastal Condition Report (USEPA, 2001) summarises the condition of
ecological resources in USA estuaries, and the programs that proved the most effective in
measuring condition. Data was used from coastal monitoring programs from USEPA and
National Oceanic and Atmospheric Administration (NOAA). Assessment and advisory data
from State and other regulatory agencies was also used, although inconsistencies in the way
this data was collected prevented it being used in a national comparison. The overall
condition of USA’s estuaries was determined from seven coastal condition indicators: water
clarity; dissolved oxygen; sediments; benthos; fish contamination; coastal wetland loss; and
eutrophication.
United States Environmental Protection Agency (USEPA) has run a National Estuaries
Program (NEP) for over ten years. The programs focus on integrated management and
research in the entire watershed of 28 estuaries of national importance. Local estuary
programs develop and implement conservation and management plans, using successful
management approaches, technologies and ideas from the program as a whole. Pierson et al.,
(2002) provides a review of the 28 programs, particularly in relation to environmental flow.
The USEPA has also developed water quality criteria: toxicant criteria to protect aquatic life;
biocriteria to describe the biological condition; microbial human health criteria; and is
working on nutrient criteria (USEPA, 2003a). Its Environmental Monitoring and Assessment
Program (EMAP), is extensive and has a mandate to develop the tools necessary to monitor
and assess USA’s aquatic environment (USEPA, 2003b). EMAP sampling is probability
based, collecting estuarine data from hundreds of stations, focussing on answering broad-
scale questions about environmental conditions (USEPA, 2003c). USEPA estuarine
bioassessment and biocriteria techniques have been documented in an extensive and
comprehensive manual (Gibson et al., 2000). Estuarine monitoring in the USA has
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predominantly focussed on large systems and it has only been in the last few years that they
have started to look at their numerous small systems (H. Lee, USEPA, pers. comm.).
6.4.2 United Kingdom and Ireland
Awal (2002), in reviewing international estuarine management, noted that it was not until the
1990’s that the UK formally adopted integrated coastal and integrated management. In
contrast, the USA has been practising this since the 1970’s. He also found that there was no
national estuarine management legislation, but rather up to 90 individual coastal and estuarine
management schemes primarily run at the local government level.
Deeley and Paling (1999) reviewed two estuarine health indices in the United Kingdom and
Ireland. The first, in the UK is the National Water Council index (Wilson and Jeffrey 1994, in
Deeley and Paling 1999). This index combines DO status, biological quality of fish habitat
and benthos with observable pollution. The development and application of this index relies
heavily on a detailed understanding of the relationships between the normal dynamics of the
systems and their response to natural and anthropogenic stressors.
Ireland has developed two indices, the Irish Estuarine Research Programme Indices (Wilson
and Jeffrey 1994, in Deeley and Paling, 1999). These consist of a pollution load index
(organic, nutrient and water quality) and a Biological quality index (macrophytes and
benthos). The pollution load index compares concentrations with known no effect or
threshold effect levels for various estuarine biota. The Biological quality index uses the
abundance and biomass of biota to classify estuarine segments into either abiotic,
opportunistic or normal. Like the UK index this method requires considerable knowledge of
the natural and anthropogenic variation.
FWR (2000) sets out the development of a tidal river habitat survey (TRHS) methodology for
UK estuaries, developed from the approach used in rivers, and with the primary objective of
determining habitat quality and modification scores similar to that develop for Victoria’s
Index of Stream Condition (Ladson and White, 1999).
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7. Options for state-wide monitoring and assessment
7.1 Knowledge gaps
A lot of the knowledge gaps for Victorian estuaries have also been identified as gaps at the
national and international level (Deeley and Paling, 1999; Edgar et al., 1999; Hattingh et al.,
2001; NLWRA, 2002; Pierson et al., 2002; SOE, 2001). These include:
• Long-term data sets that incorporate the temporal variability found within estuaries;
• Baseline information on water and habitat quality;
• Variability and causes of changes in water and habitat quality;
• Chemical exchanges and transfers between sediments and the water column;
• Nutrient and detritus pathways within estuaries;
• Role of hydrological alterations on estuarine condition;
• Baseline biotic information, such as species present;
• Migration, breeding behaviour and recruitment processes of estuarine associated
invertebrates and fish;
• Processes that influence community structure in different types of estuaries;
• Relative contributions of catchment and estuary in supporting primary and secondary
consumers;
• Determining microbial processes and microalgal production in estuaries;
• Understanding the importance of groundwater fluxes on temporarily open/closed
estuaries;
• Mechanisms for prevention and control of invasive species;
• The role of extreme climatic events in influencing estuarine condition;
• Predictions on the likely influence of climate change; and
• The combined impact of multiple-stressors on estuarine ecology.
Specific knowledge gaps that need to be addressed for all Victorian estuaries are:
• Estuary size, length and tidal influence/inland extent to allow a basic geomorphic
description of the top, middle and lower estuary;
• Depth and general bathymetry;
• If intermittently closed, the mouth opening regime, specifically artificial or natural and
frequency;
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• Connectivity of the estuary, its catchment and the sea: dams, weirs, levee banks, training
walls and dredging;
• Frequency, extent and duration of floodplain inundation;
• Freshwater flow into the estuary, amount, pattern, degree of alteration;
• Tidal exchange into the estuary, amount, pattern, degree of alteration;
• Variability of estuary water residence time;
• Role that estuarine discharge, quantity, quality and timing plays in coastal ecology;
• Inventories of fish, amphibians, birds, macroinvertebrates, macrophytes, riparian
vegetation;
• Habitat types (at least seagrass beds, macrophyte beds, riparian vegetation, mangroves,
wetlands, mudflats) area, position and condition within the estuary;
• Expansion to specific estuarine wetland Ecological Vegetation Categories (RFA, 2000);
• Life cycle requirements for flora and fauna within the estuary.
7.2 Recommendations
Victorian estuaries are relatively small, and quite variable in geomorphology and hydrology.
Ways of assessing and monitoring these estuaries are not well developed, and applicability of
approaches used in larger estuaries is unknown. Little is known about the ecology or
variability of these estuaries, so it is difficult to make informed decisions on how and what to
monitor. The lack of information on Victoria’s numerous estuaries has hampered the
development of state-wide indicators and monitoring program.
Deeley and Paling (1999) reviewed the then current knowledge of Australian estuaries with
the aim being able to assess their ecosystem health. They found that there were very large
gaps in the knowledge we have of our estuaries. Few estuaries outside of the major cities had
been studied, and the driving processes for the majority of Australian estuaries were simply
not known. Their review focused specifically on the available Australian literature, of which
17 published studies focusing on Victorian estuaries were identified. A lot more research has
been done in Victoria than identified by Deeley and Paling (1999) but much lies in the grey
literature, as government reports, consultancies, internal university documents or unpublished
theses.
The first challenge in identifying indicators and developing monitoring programs to
adequately recognise the different functional types of estuaries in Victoria and the pressures
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they face. This is important in identifying what the natural and anthropogenic drivers of
change are. It is from there that decisions can be made on resource allocation to further
investigate and fill key knowledge gaps in a strategic and efficient manner, to build on our
current knowledge of Victorian estuarine processes. A basic inventory of estuary form and
possible function has been done, by different methods, for some 93 of Victoria’s >123
estuaries (Barton, unpublished; Mondon et al., 2003; Moverley and Hirst, 1999; NLWRA,
2002). All these studies, as inventories, have limitations, especially in identifying all the
likely important processes. The NLWRA (2002) remote sensing and map-based process
classification has not been ground truthed in Victoria, and it is unclear how well their nutrient
and sedimentation conceptual models apply to intermittently closed estuaries, which are in the
majority in Victoria. It is also unclear how transferable the classification and assessment of
Mondon et al., (2003) is to the estuaries of the central and eastern coasts of Victoria,
especially estuaries that open onto sheltered coasts. Barton’s study (unpublished) when
completed in late 2004 will be able to compare and contrast some of the methods from the
previous inventories.
Recommendation 1: Desktop Inventory of Victorian Estuaries.
A basic inventory of all Victorian estuaries from available information sources such as DSE’s
Corporate Geospatial Library should be commissioned. This inventory should include basic
geomorphic descriptions (i.e. estuary size, bathymetry, shape, catchment size), bring together
existing catchment (and coastal) assessments of condition (i.e. ISC, land use, population
density), and collate all information and research that exists for each estuary (e.g. as done for
South Africa in Whitfield, 2000). In addition the current status and extent of survey
information for fish, birds and vegetation in Victorian estuaries and their catchments should
be determined. The types of and extent of change of Ecological Vegetation Classes (EVCs)
(RFA, 2000) for estuarine wetlands and catchments, as well as freshwater catchments should
also be determined. Life histories and habitat requirements for fauna and flora should be
collated and knowledge gaps clearly identified.
A state-wide appreciation of the different types, and therefore different driving processes, in
Victorian estuaries will provide a valuable tool for partitioning the variation, allowing like
estuary types to be compared, and extrapolation of knowledge beyond those few studied
systems that have been assessed. Within a state-wide classification of types, the status quo of
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estuary condition can then be determined. This would allow the generation and testing of
hypotheses on how ecological functioning may have been altered, which can be tested within
the framework of estuaries of different type and condition. The estuaries identified as
minimally modified can be used as a reference or control (NLWRA, 2002).
Recommendation 2: Classification and Condition Assessment of Victorian Estuaries.
A desktop estuary classification and condition assessment from the basic Victorian estuary
inventory collated under Recommendations 1 should be commissioned. It should examine the
applicability of the working classification proposed in this review (Figure 1) as a framework
of estuary type and condition.
Recommendation 3: Field test Classification and Condition Assessment.
The classification and condition assessment made under Recommendation 2 should be
assessed with field sampling. The NLWRA (2002) habitat mapping and estuary process-type
classification should also be ground truthed, and in particular assess the applicability of their
conceptual models.
The hydrology of Victoria’s estuaries, specifically their freshwater hydrology, and the
influence of estuary mouth closure on marine exchange are large and urgent knowledge gaps
that need addressing. The majority of Victoria’s estuaries are small and do not have
freshwater gauging, for example out of >12 estuaries along the Great Ocean Road only
Barham and Anglesea Rivers and Painkalac Creek are gauged. The majority of Victoria’s
estuaries also intermittently close, but the frequency and duration of closure is not monitored.
Recommendation 4: Address Lack of Knowledge on Freshwater Flow and Mouth Opening.
Selective gauging based on estuary type and modelling to allow extrapolation to other
estuaries. Mondon et al. (2003) set up community monitoring of mouth state for 25 estuaries
in Western Victoria. Support for this program and extension program along the coast should
be considered. In addition supplementing the program with in situ depth loggers, to calibrate
the estuaries already monitored and extending this valuable monitoring to estuaries with
more remote mouths. Environmental water requirements to maintain estuarine processes
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should be determined  using the protocol developed by Pierson et al. (2002), utilising the
information collated for this and the preceding 3 Recommendations.
Analysis and interpretation of EPA’s estuary sampling and indicator assessment will be
finished by the end of 2004 (Barton, FU, pers. comm.) and will provide valuable information
for identifying monitoring objectives and indicators for western and central Victoria.
Recommendation 5: Incorporate and Extend Existing Monitoring Research.
Consideration should be given to what basic sampling could be added to EPA’s estuarine
program to allow the extrapolation of the findings (Barton, unpublished) to eastern Victoria.
Community monitoring of Victorian estuaries through Waterwatch is already underway and
could help meet some knowledge gaps. Suitable indicators for community monitoring may be
the maximum depth of seagrass beds and macroalgal biomass surveys, mouth state, wetland
vegetation, bird, and amphibian surveys, habitat mapping, and event sampling of water
quality (P. Scanes, NSW EPA). Care must be taken that the monitoring is designed with
appropriate indicator methods, spatial and temporal scales and levels of detection. Murphy et
al. (2003) found that the levels of detection being used in community water-quality
monitoring in Tasmanian estuaries were above ecologically significant levels, ultimately
limiting the utility of the data.
Recommendation 6: Support Community Monitoring Programs.
Integration and interaction should be encouraged, as well as guidance on appropriate
indicators that would help progress the mutual goal of estuarine monitoring and assessment.
Although there are limited ongoing monitoring programs in other states, there is active
research and assessment into monitoring methods in comparable systems (DSNR and EPA
NSW; TAFI and UT Tas; WRC WA). A national estuarine discussion group co-ordinated by
the Coastal CRC already exists providing a forum for sharing knowledge and approaches (R.
Counihan, CCRC, pers. comm.). The extensive monitoring programs, indicator development
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and current process understanding of, say, South African estuaries should be further assessed
to help guide Victoria and build on existing knowledge.
Recommendation 7: Establish Links and Collaboration with Researchers and Managers in
Comparable Systems.
This is important so that knowledge can be shared and existing research be built on. The
Coastal CRC estuaries forum and CERM in South Africa are two obvious groups that should
be approached.
Integration of management and monitoring of Victoria’s estuaries with their catchments
should be a high priority. Integrated catchment management already exists in Victoria, along
with large spatial and temporal scale monitoring of catchment condition. Regional Catchment
Strategies and Coastal Action Plans have been developed for Victoria.
Recommendation 8: Integrate With Catchment and Coastal Strategies and Monitoring.
Any estuarine monitoring should be integrated with existing freshwater and marine strategies,
and the maximum value drawn from existing monitoring programs. New approaches and
methods currently being developed in both freshwater and marine systems should be
examined to see if they have any transferability to estuarine systems. The integration of
existing estuarine monitoring programs for the large embayments, (i.e. PPB, WPB and
Gippsland Lakes) should be assessed.
Integrated monitoring and assessment programs can be a powerful tool in public education,
understanding estuarine functions and processes, and determining the synergistic impacts of
the multiple pressures on estuarine ecosystems (e.g. Dennison and Abal, 1999). However, the
most important start for any monitoring plan is to set up clearly defined objectives linked to a
management and reporting plan. The following questions need to be addressed: Why do we
want to monitor? Who will collect the samples, analyse and interpret data etc? What will be
done with the information derived from this? Providing information to the community on the
status of estuarine health is a reasonable but limited objective that may be hard to sustain if it
doesn’t link to ongoing decision making.
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As for Victorian wetlands (Butcher, 2003) the identification, then testing and further
development of indicators of estuarine condition for Victorian estuaries will need to constitute
a significant part of the development of any estuarine assessment and monitoring-program.
We need to know more about the temporal and spatial variation of natural estuarine processes
so that adequate assessment can be made of how human activity has modified them. However,
the broad spatial and temporal scale of state-wide monitoring (i.e. as established in Victoria’s
state-wide freshwater monitoring) may mean that an absolute understanding of the processes
and their variation is not necessary to start some basic comparative monitoring if the program
and its findings are reviewed regularly. As for all monitoring programs, the challenge is to
identify and develop indicators that can determine ecological change before it becomes
extreme, and determine where an estuary is placed in the range from minimally modified to
substantially modified. Barton (unpublished) is finding promising results from functional
measures of benthic microbial communities over a range of estuarine types and conditions.
There will need to be a rigorous evaluation of the statistical power and application of any
relevant indicator or sets of indicators for assessing the early onset of adverse changes in the
ecological health of Victorian estuaries (Deeley 1999 cited in Deeley and Paling, 1999). In
trying to determine the effectiveness of management activities, it must be remembered that
estuaries are slow systems that may take decades to respond (Deeley and Paling, 1999). Some
estuaries may have gone past their threshold and may not respond at all or alternatively
stabilise as a different type of estuary (Harris, 1999; Jackson et al., 2001).
Recommendation 9: Develop a Set of Indicators and Design a State-wide Monitoring
Program.
This  should be built from knowledge gained from the previous 8 recommendations. The aim
of any state-wide monitoring program must be clearly established and indicators chosen and
sampling designed to meet those needs. This should be done in collaboration with the
agencies (EPA, DSE, CMA’s, Coastal Boards) who will measure and interpret these.
Recommendation 10: : Pilot Studies to Trial Indicators and Monitoring
This must be done before full implementation of any state-wide monitoring program.
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Appendix 2: Victorian estuaries included in previous
classifications of type and condition.
(Moverly and Hirst, 1999; NLWRA, 2002, Mondon et al 2003 EPA, unpublished)
Estuary Moverley &
Hirst, 1999
NLWRA,
2002
Mondon, et
al., 2003
EPA
(unpublished)
Glenelg River ! ! ! !
Fawthrop
Lagoon
!
Surrey River ! ! ! !
Fitzroy River ! ! ! !
Eumeralla
River – Lake
Yambuck
! ! !
Moyne River –
Belfast Lough
! ! !
Merri River -
Rutledges
Cutting & East
! ! !
Hopkins River ! ! ! !
Curdies River
– Curdies Inlet
! ! !
Port Campbell
Creek
! !
Sherbrook
River
! ! !
Gellibrand
River
! ! !
Johanna River !
Aire River ! ! ! !
Parker River !
Blanket Bay
Creek
!
Stony Creek -
Otways
!
Elliot River ! ! !
Barham River ! ! !
Wild Dog
Creek
! !
Skenes Creek ! ! !
Petticoat Creek !
Brown River !
Sugar Loaf
Creek
!
Smythe Creek !
Carisbrooke
Creek
!
Grey River ! !
Kennett River ! ! !
Wye River ! ! !
Separation
Creek
!
Jamieson River ! !
Cumberland ! !
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River
She Oak River !
St George
River
! ! !
Erskine River ! ! !
Stony Creek -
Lorne
!
Reedy Creek !
Anderson
Creek (Grass
Creek)
!
Spout Creek !
Coalmine
Creek
!
Moggs Creek !
Painkalac
Creek – Aireys
Inlet
! ! ! !
Anglesea River ! ! !
Spring Creek ! ! !
Thompsons
Creek
! !
Barwon River ! !
Swan Bay !
Limeburners
Bay
!
Little Rv !
Werribee Rv !
Skeleton Ck !
Laverton Ck !
Kororoit Ck !
Yarra Rv !
Merriman Ck !
Mordialloc Ck !
Patterson Rv ! !
Balcombe Ck !
Port Phillip
Bay
!
Merricks Ck !
Cardinia Ck !
Deep Ck !
Bunyip Rv !
Western Port
Bay
!
Powlett Rv ! !
Screw Ck !
Anderson Inlet !
Shallow Inlet ! !
Darby Rv ! ! !
Tidal Rv ! !
Franklin Rv !
Albert Rv !
Tara Rv ! !
Corner Inlet !
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Estuary Moverley &
Hirst, 1999
NLWRA,
2002
Mondon, et
al., 2003
EPA
(unpublished)
Jack Smith
Lake
!
Merriman Ck !
Tambo Rv !
Gippsland
Lake
! !
Lake Tyers ! !
Snowy Rv ! !
Yeerung Rv !
Thurra Rv !
Easby Ck !
Red Rv !
Benedore Rv !
Shipwreck Ck !
Sydenham
Inlet
!
Tamboon Inlet !
Mueller Rv !
Wingan Inlet !
Betka Rv !
Mallacoota
Inlet
!
62
Appendix 3: NLWRA (2002), (a) description of the key
estuary functional classes, (b) conceptual models and (c)
classification and condition assessment of Victorian
estuaries.
(a) description of the key estuary functional classes( as described by Ryan et al., 2003)
Coastal waterway Summarised characteristics
Embayments 1. Habitats are typically marine, with extensive subtidal environments and very
narrow intertidal environments
2. Large entrance and efficient marine flushing, even in microtidal regions. Deep
water.
3. River flow varies, floods are buffered and do not expel marine water due to
large water area
4. turbidity and extent of intertidal habitats are dependant on local tidal range
5. Sediment (and associated contaminants) are generally not trapped
6. Nutrient dynamics are generally similar to the coastal ocean, and are largely
dominated by oceanic ‘upwelling’ events
7. ‘Immature’ in terms of evolution: morphology may change over time due to
infilling. This change is likely to be slow due to the large volume.
Wave-dominated
estuaries
1. a diverse range of both marine and brackish, subtidal, intertidal and supratidal
estuarine habitats are supported
2. narrow entrance restricts marine flushing, only a small proportion of the
estuarine water volume is exchanged each tide
3. river flow typically high, and flooding may expel marine water and flush
material from the estuary
4. turbidity, in terms of suspended sediment, is naturally low except during
extreme wind or fluvial runoff events.
5. central basin is an efficient ‘trap’ for terrigenous sediment and pollutants
6. long residence time encourages trapping and processing (e.g. denitrification)
of terrigenous nutrient loads
7. ‘Semi-mature’ in terms of evolution, morphology will rapidly change over
time due to infilling, resulting in shallowing of the central basin, expansion of the
fluvial delta
Wave-dominated delta 1. Habitats supported are variable, generally mostly brackish subtidal, intertidal
and supratidal habitats are supported
2. narrow entrance restricts marine flushing, only a small proportion of the water
volume is exchanged each tide
3. river flow typically high, and flooding may expel marine water and flush
material from the estuary
4. turbidity in terms of suspended sediment, is naturally low except during
extreme wind or fluvial runoff events
5. Sediment (and associated contaminants) are mostly expelled into the coastal
ocean
6. short residence time (e.g. efficient flushing) results in little processing or
trapping of nutrients
7. ‘Mature’ in terms of evolution. Tend to be stable in terms of morphology
(given stable sea level).
Coastal lagoons and
strandplain
1. Habitats supported are limited by chemical conditions induced by poor
exchange with the marine environment, and highly variable salinity
2. Intermittent entrance isolates the coastal waterway from the ocean for long
periods
3. River flow is intermittent to non-existent. Flooding is therefore uncommon,
however can cause large impacts such as entrance breaching and scouring of the
central basin.
4. Turbidity is naturally low, however shallow basins are susceptible to wind-
wave re-suspension, particularly if seagrass are not present
5. Central basin (where present) is an efficient ‘trap’ for terrigenous sediment
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and pollutants
6. Long residence time encourages trapping and processing (e.g. denitrification)
of terrigenous nutrient loads, however the system may be susceptible to
overloading due to their small size
7. Evolution, in terms of infilling, is very slow due to the lack of significant
sediment input
Tide-dominated
estuaries
1. A diverse range of both marine and brackish, subtidal, intertidal and
supratidal estuarine habitats are supported. Intertidal and supratidal areas are often
extensive, whereas turbidity may preclude seagrasses in some areas
2. large entrance promotes efficient marine flushing
3. River flow typically high, however the effects of floods are buffered by large
water area and high tidal exchange
4. turbidity is naturally high due to strong turbulence induced by tides
5. Flanking environments such as intertidal flats, mangroves, saltmarshes and
saltflats tend to trap terrigenous sediment and pollutants. Marine flushing results in
loss of some material to the coastal ocean.
6. Tidal movement over flanking environments encourages the trapping and
processing (e.g. denitrification) of terrigenous nutrient loads. Marine flushing
result in the loss of some material to the coastal ocean.
7. ‘Semi-mature’ in terms of evolution, infilling by marine and terrigenous
sediment will result in expansion of flanking environments, narrowing of
channels, and seaward progradation.
Tide-dominated deltas 1. A diverse range of both marine and brackish, subtidal, intertidal and
supratidal estuarine habitats are supported. Intertidal and supratidal areas are often
extensive, whereas turbidity may preclude seagrasses in some areas
2. large entrance promotes efficient marine flushing
3. River flow typically high, and flooding may expel marine water and flush
material from the delta
4. turbidity is naturally high due to strong turbulence induced by tides
5. Flanking environments such as intertidal flats, mangroves, saltmarshes and
saltflats tend to trap terrigenous sediment and pollutants. River flow and marine
flushing results in loss of some material to the coastal ocean.
6. Tidal movement over flanking environments encourages the trapping and
processing (e.g. denitrification) of terrigenous nutrient loads. River flow and
marine flushing result in the loss of some material to the coastal ocean.
7. ‘Mature’ in terms of evolution. Tend to be stable in terms of morphology
(given stable sea level)
Tidal Creeks 1. A diverse range of both marine and brackish, subtidal, intertidal and
supratidal estuarine habitats are supported. Intertidal and supratidal areas are often
extensive, whereas turbidity may preclude seagrasses in some areas
2. large entrance promotes efficient marine flushing
3. River flow is intermittent to non-existent. Flooding is therefore uncommon,
however the effects of any floods are buffered by the large water area and high
tidal exchange
4. turbidity is naturally high due to strong turbulence induced by tides
5. Flanking environments such as intertidal flats, mangroves, saltmarshes and
saltflats tend to trap terrigenous sediment and pollutants. Marine flushing results in
loss of some material to the coastal ocean.
6. Tidal movement over flanking environments encourages the trapping and
processing (e.g. denitrification) of terrigenous nutrient loads. Marine flushing
result in the loss of some material to the coastal ocean.
7. Evolution, in terms of infilling, is driven by trapping of marine sediment,
which results in gradual expansion of flanking environments, narrowing of
channels, and seaward progradation
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(b) conceptual models of estuary types found in Victoria (from NLWA, 2002)
Wave-dominated Estuary
Figure 2: Geomorphic and sedimentary facies model of wave-dominated estuaries (from NLWA,
2002).
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Figure 3: Sediment processes for wave-dominated estuaries (from NLWA, 2002).
Figure 4: Nitrogen processes for wave-dominated estuaries (from NLWA, 2002).
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Wave-dominated Delta
Figure 5: Geomorphic and sedimentary facies model of wave-dominated deltas (from NLWA, 2002).
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Figure 6: Sediment processes in a wave-dominated delta (from NLWA, 2002).
Figure 7: Nitrogen processes in a wave-dominated delta (from NLWA, 2002).
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(c) classification and condition assessment of Victorian estuaries (from NLWRA, 2002)
Estuary Basin Name Condition Class Sub-class
Glenelg Rv Portland Coast modified wave wave estuary
Surrey Rv Portland Coast largely unmodified wave strandplain
Fitzroy Rv Portland Coast modified wave strandplain
Lake Yambuk Portland Coast largely unmodified wave wave estuary
Moyne Rv Hopkins Rv modified wave wave estuary
Merri Rv Hopkins Rv extensively modified wave other
Hopkins Rv Hopkins Rv modified river wave delta
Wild Dog Ck Otway Coast largely unmodified wave other
Anderson Ck Otway Coast largely unmodified wave other
Spring Ck Otway Coast modified river wave delta
Pt Campbell Rv Otway Coast largely unmodified tide tide estuary
Sherbrook Rv Otway Coast largely unmodified wave other
Gellibrand Rv Otway Coast modified wave wave estuary
Aire Rv Otway Coast modified wave wave estuary
Elliot Rv Otway Coast not assessed wave other
Barham Rv Otway Coast modified wave strandplain
Skenes Ck Otway Coast modified wave other
Grey Rv Otway Coast largely unmodified wave other
Kennett Rv Otway Coast largely unmodified wave other
Wye Rv Otway Coast largely unmodified wave strandplain
Jamieson Rv Otway Coast largely unmodified wave other
Cumberland Rv Otway Coast largely unmodified wave other
Saint George Rv Otway Coast near pristine wave other
Erskine Rv Otway Coast largely unmodified wave strandplain
Painkalac Ck Otway Coast largely unmodified wave strandplain
Anglesea Rv Otway Coast modified river wave delta
Curdies Inlet Otway Coast modified wave wave estuary
Thompson Ck Werribee Rv modified wave strandplain
Barwon Rv Werribee Rv modified wave wave estuary
Swan Bay Werribee Rv modified tide other
Limeburners Bay Werribee Rv modified tide tidal flat/creek
Little Rv Werribee Rv modified tide other
Werribee Rv Werribee Rv modified river wave delta
Skeleton Ck Werribee Rv modified wave other
Laverton Ck Werribee Rv extensively modified tide other
Kororoit Ck Maribyrnong extensively modified tide tidal flat/creek
Yarra Rv Maribyrnong modified river wave delta
Powlett Rv South Gippsland near pristine wave strandplain
Tidal Rv South Gippsland largely unmodified wave strandplain
Darby Rv South Gippsland largely unmodified wave other
Merriman Ck South Gippsland near pristine wave other
Patterson Rv South Gippsland modified tide other
Port Phillip Bay South Gippsland modified tide other
Western Port Bay South Gippsland modified tide other
Anderson Inlet South Gippsland modified wave wave estuary
Shallow Inlet South Gippsland largely unmodified wave wave estuary
Corner Inlet South Gippsland largely unmodified tide other
Jack Smith Lake South Gippsland near pristine wave wave estuary
Gippsland Lake Tambo Rv extensively modified wave wave estuary
Lake Tyers Tambo Rv largely unmodified wave wave estuary
Snowy Rv Snowy Rv modified wave wave estuary
Yeerung Rv Snowy Rv near pristine wave strandplain
Thurra Rv East Gippsland near pristine wave other
Easby Ck East Gippsland near pristine wave wave estuary
Red Rv East Gippsland near pristine wave wave estuary
Benedore Rv East Gippsland near pristine wave other
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Shipwreck Ck East Gippsland near pristine wave other
Sydenham Inlet East Gippsland largely unmodified wave wave estuary
Tamboon Inlet East Gippsland largely unmodified wave wave estuary
Mueller Rv East Gippsland not assessed wave wave estuary
Wingan Inlet East Gippsland near pristine wave wave estuary
Betka Rv East Gippsland near pristine wave wave estuary
Mallacoota Inlet East Gippsland near pristine wave wave estuary
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Appendix 4: Examples of environmental indicators used to assess aspects of
estuarine condition from Deeley and Paling (1999).
* Cost: L = Low, M = Moderate, H = High
+ Use: C = Core, in use, R = Research use only, D = still being developed
Indicator Description Scales: spatial
 & temporal
Data requirements Advantages/
disadvantages
Potential
application+
Cost
*
Ref
PRESSURE
Catchments
Population density Population &
demographics
Catchment
Long term
Population by location Broad indication of pressures
Locale specific
C L 12
7
Catchment land
uses &
management
practices
Catchment land use
mix & management
practices used by land
managers
Catchment
Long term
Land use maps, summary
statistics, audit of management
practices against codes of best
practice
Coarse indication of potential loss
rates
Delayed links between
management & runoff quality
C M 10
12
Catchment riparian
vegetation status
Nature of catchment
vegetation, condition
of riparian vegetation
Catchment
Long term
Catchment vegetation maps,
riparian condition assessment
Remote sensing for large areas
Need links with runoff quality
C L 10
Soil erosion Assessment of soil
loss
Catchment,
stream segments
Long term &
instantaneous
Steamline condition assessment,
relative changes
Indication of sediment delivery to
receiving waterways
Poor links to impacts on biota
C L 10
Runoff patterns Flood frequency, peak
flow velocities
Catchment
stream segments
Short term
Continuous discharge
measurements, time series
analysis
Potential for pollutant transport,
success of detention structures
Poor links to downstream impacts
C L 9
10
Catchment
drainage density
Length of streams &
artificial drains per
unit area of catchment
Catchment
Long term
Stream, artificial drain length,
catchment area
Good for estimating potential
runoff from catchments
Site specific
D L 2
Stream width to
depth ratio, pool
riffle sequences
Disturbance to stream
channel, habitat
diversity
Stream segments
Long term
Stream channel condition
assessment
Habitat diversity, potential for
flooding, erosion
Need baseline & comparisons
D L 16
Runoff quality,
nutrients, organic
matter, sediment
Concentrations or
mass loads of
nutrients, sediments
Catchment,
stream segments
Long term &
instantaneous
Statistically representative
samples across season & flow
strata for concentrations
For mass loads, flow, nutrients,
robust interpolation methods
Indicator of mass flux to receiving
waters, changes in water quality,
hot spot identification
Impact on receiving environment
uncertain
C L to
M
13
Toxicant inputs Concentrations of
heavy metals,
Catchment,
stream segments
Statistically representative
samples across season & flow
Identification of pollutant hot
spots, success of pollution control
C M to
H
9
19
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synthetic organics,
petroleum products in
runoff, industrial
discharges, spillages
Instantaneous
Long term trends
strata by constituent Many compounds to screen, most
low water solubility, absorbed to
particles
Toxicant
concentrations in
estuarine waters
Concentrations of
heavy metals,
synthetic organics,
petroleum products in
estuarine waters
Estuary or
segments
Short term
Statistically representative
samples spatially & temporally,
nature of active compounds
Links to potential impacts on
biota
Most, low water solubility, need
ultratrace analytical methods
C M to
H
19
Toxicant
concentrations in
sediments
Concentrations of
heavy metals,
synthetic organics,
petroleum products in
estuarine sediments
Estuary or
segments
Short term to
medium term
Statistically representative
samples spatially & temporally,
nature of active compounds
Links to potential impacts on
biota
Bound to sediments, trace
analytical methods
C M 12
17
19
Sediment toxicity Bioassay using biota
& contaminated
sediments
Sites,
Segments
Instantaneous
Organism response, exposure can
be experimentally manipulated
Direct measure of toxicity &
impacts on biota
Test organism specific
R M to
H
17
ABIOTIC
System
Particle retention
efficiency
Ratio of estuarine
volume to annual
freshwater inflow
Estuary
Long term
Annual stream flow, estuarine
mean volume
Broad assessment of capacity to
trap particles, absorbed pollutants
Assumes constant sediment
trapping, less meaningful for
estuaries with flow seasonality
C
USA
L 16
Dissolved
concentration
potential
Ration of flushing to
dissolved pollutant
inflow
Estuary
Long term
Average annual freshwater
fraction by segment, dissolved
pollutant inflow
Broad assessment only, probably
matches the large errors typically
for estimates of dissolved
pollutant flux
Assumes vertical homogeneity,
less meaningful for estuaries with
major seasonal flow variability
C
USA
L to
M
16
Flushing (retention
time)
Estimate of retention
time using
conservative mixing
plots
Lower estuary
Long term
Salinity profiles Simple measure of residence time
Links to dynamics of other
constituents poor
C L 8
Tidal prism, water
levels
Tidal prism in estuary To limit of tidal
influence
Long term
Tidal range through estuary Simple calculation, measure of
flushing, tidal attenuation
Links to dynamics of other
constituents poor
C L 8
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Indicator Description Scales: Data requirements Adv/disadv Application+ Cost * Ref
Capacity for
stratification
Degree of mixing &
potential for
stratification
Segments
Short term &
instantaneous
Salinity, temperature, DO,
profiles for at risk periods,
bathymetry
Indication of susceptibility of
estuary
Links to dynamics of other
constituents, biota response, poor
C L 12
Water quality
Salinity Distribution of salt
water in estuary,
stratification
Estuary segments
Instantaneous &
long term patterns
Vertical, horizontal salinity
profiles, spatial & temporal
assessments
Understanding of habitat
conditions, seasonal dynamics,
potential for stratification, dilution
C L 12
Temperature,
thermal plumes
Distribution of
temperature in
estuary, stratification
Estuary segments
Instantaneous &
long term patterns
Vertical, horizontal temperature
profiles, spatial & temporal
assessments
Understanding of habitat
conditions, seasonal dynamics,
potential for stratification, threats
C L 12
pH Distribution of pH in
estuary
Estuary segments
Instantaneous &
long term patterns
Vertical, horizontal pH profiles,
spatial & temporal assessments
Low values show freshwater or
acidic industrial inputs
High values indicate
phytoplankton blooms or alkaline
industrial inputs
C L 12
Clarity, turbidity
(secchi depth)
Transparency of water
in estuary
Estuary segments
Instantaneous &
long term patterns
Secchi depth or light attenuation
profiles
Indication of solids inputs & re-
suspension, phytoplankton, light
available for photosynthesis in
benthic communities
High attenuation in natural tannin
rich waters
C L 14
Dissolved oxygen Dissolved oxygen
concentrations
throughout estuary
Whole estuary,
segments, bottom
waters
Instantaneous &
long term patterns
Vertical, horizontal profiles with
spatial & temporal assessments,
diurnal patterns, or continuous
measurement
Instantaneous measures direct
measure of stress of benthic
communities
Hypolimnetic supersaturation
shows phytoplankton blooms,
benthic hypoxia & anoxia directly
related to stress in fauna.
Highly dynamic measure, need
larger number of readings to
define changes in estuarine
condition
C L 14
Nutrient
concentrations in
water, N:P:S
rations
Concentrations &
chemical forms of
nutrients in estuarine
waters
Estuary segments
Instantaneous &
long term patterns
Statistically representative
samples spatially & temporally,
bottom & surface waters
Enrichment status, potential
limiting nutrients. Mass balance
approach, effective in
management of eutrophication.
Causal links difficult to establish,
need large number of samples to
determine change in conditions
C M 14
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Indicator Description Scales: Data requirements Adv/disadv Application+ Cost * Ref
Chlorophyll-a
Phaeophytin
Distribution of plant
pigments in estuarine
waters
Estuary segments
Instantaneous &
long term patterns
Statistically representative
samples spatially & temporally
Integrated samples
Measure phytoplankton activity
Dynamic measure, need large
number of samples to determine
change in condition over time
C M 13
Particle size
distribution
Distribution of
sediment types,
benthic habitats
Estuary, or
segments
Long term
Samples from surface & or deep
layers
Provides baseline information &
habitat description, indicators of
genesis & sedimentary processes
C L 12
Organic matter
content
Distribution &
organic content of
sediments
Estuary, or
segments
Long term
Samples from surface & or deep
layers
Provides baseline information &
habitat description. Very high
values may indicate organic
pollution loadings
C L 12
Sediment oxygen
demand (SOD)
Redox
discontinuity
Respiratory demand
of sediments
Oxygen flux to
sediments
Estuary, or
segments
Instantaneous &
medium term
Undisturbed cores
Redox discontinuity depth
Measure of oxygen state &
demand of sediments. Risk of
hypoxia & anoxia
Links to biota not clear, site
specific, heterogeneous results
D M 6
12
Sediment nutrient
concentrations
Forms &
concentrations of
nutrients in sediments
Estuary, or
segments
Short term
Samples from surface & or deep
layers
Indicates portioning of nutrients
& degree of enrichment
Links to regeneration mechanism
unclear
C M 12
BIOTIC
Community
Abundance Counts of specific
organisms or groups
of organisms, includes
phytoplankton cell
counts, or cover in
colonials
Estuary, or
segments
Short term
Representative samples, spatially
& temporally to define dynamics
& distribution of populations
Simple method for describing
biota, little taxonomic expertise
required
Dynamic, links to processes &
interactions with diversity unclear
C L to M 12
Biomass Weights of specific
organisms or groups
of organisms
Estuary,
segments, sites
Short term
Representative samples, spatially
& temporally to define dynamics
& distribution of populations
Simple method for describing
biota, little taxonomic expertise
required
Links to processes & interactions
with diversity unclear
C L to M 12
Species richness Counts of species for
various trophic groups
standardised by
abundance
Estuary,
segments, sites
Short to medium
term
Representative samples, spatially
& temporally to define dynamics
& distribution of populations
Method for establishing diversity
of communities, disturbance
Taxonomic expertise, &baseline
data required
C M 3
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Indicator Description Scales: Data requirements Adv/disadv Application+ Cost * Ref
Diversity Indices of diversity
calculated for
abundance of species
Estuary,
segments, sites
Short to medium
term
Representative samples, spatially
& temporally to define dynamics
& distribution of populations
Indication of disturbance
Taxonomic expertise required
Causal links not clear
R M 3
Productivity Rate of metabolic
processes in selected
organisms or groups
of organisms
Estuary,
segments, sites
Instantaneous &
short term
Healthy samples of organisms of
interest, measurements of
metabolic interest
Information on biotic responses to
conditions, lends to experimental
manipulation
Validity to extrapolate to field
unknown
D M to
H
14
Size strata Measurement of size
of organisms
Estuary,
segments, sites
Short to medium
term
Direct measures of size or
calculated from numbers &
biomass
Degree of disturbance in
community
Require comparative results for
interpretation
D M 3
Potentially harmful
phytoplankton or
by products
Presence of
cyanophytes (blue-
green) dinophytes (red
tides) or other harmful
phytoplankton
Estuary,
segments, sites
Instantaneous
Samples of phytoplankton,
identification, risk assessment,
toxin assessment by HPLC,
microtox, mouse bioassay,
shellfish tissues for screening
Potential human, animal or
aquaculture health threats
Toxin assessment difficult,
dynamic nature of blooms, DSP,
NSP toxins & organisms cryptic
C M 3
Periphyton
accumulation
Autotrophic index
Periphyton
colonisation, growth
Ratio of heterotrophs
to autotrophs
Estuary,
segments, sites
Instantaneous &
medium term
Samples of periphyton in situ or
from artificial substrata
Indication of nutrient & organic
matter status
Site specific, applicability of
results from artificial substrata
R M 1
Seagrass cover,
depth of growth
limits, epiphyte
loads
Macroalgae
Density, distribution
of seagrasses,
macroalgae, epiphytes
Estuary,
segments, sites
Medium term
Macrophyte assessment methods.
Remote sensing, aerial photos,
spot dives, fixed transects,
harvested samples
Habitat health, integration of
ambient estuarine conditions,
describe changes in nutrient loads
or turbidity
causal links not clear
C M 18
Benthic community
indices
Ratios of functional
groups of benthos
Estuary,
segments, sites
Medium term
Spatially & temporally
representative samples of benthos
When calibrated for particular
location offer considerable
diagnostic precision
Site specific, need understanding
of baseline conditions
C
USA
R
Aus
M to
H
12
Indicator species Presence, counts of
indicator species
Estuary, segments Spatially & temporally
representative samples of
indicator species, autecology
Indicator of particular conditions
Detailed autecology of indicator
organisms required, baselines
R M 3
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Indicator Description Scales: Data requirements Adv/disadv Application+ Cost * Ref
Fishery catch per
unit effort
Effort required to
harvest seafood units
Estuary,
segments, sites
Medium term
Fishing effort, equipment used,
catch, spatial & temporal trends
Can detect changes in populations
of fisheries
Links between sustainability &
early warning not clear, may only
signal decline of community
C & R L to
M
12
Introduced species Assessment of pest
species
Estuary,
segments, sites
Medium term
Counts & identification of
introduced species
Early warning for invaders if
surveillance robust
Require knowledge of prior
baseline populations
C & R M 3
Organism level
Biomarkers Biochemical
processes responding
to stressors e.g.
mixed-function
oxidase,
metallothioneins
Organisms,
Instantaneous
Representative samples of
organisms of interest, baseline
conditions, exposure response
Lends to experimental
manipulation
Direct measure of stress in
organisms
Genetic variability in response of
community members, need for
baseline information
R M to
H
11
Developmental
stability analysis
Presence of
‘abnormal’ organisms,
attributes
Organisms,
communities
Short term
Representative samples of
organisms of interest, baseline
conditions, exposure response
Indirect measure of stress in
organisms
Genetic variability in response
need for baseline information,
irreversibility from past exposure
R
WA
M 4
6
Disease incidence Disease occurrences
in organisms,
communities
Organisms,
communities
Short term
Representative samples of
organisms of interest, baseline
conditions, exposure response
Indirect measure of stress in
organisms
Genetic variability in response of
community members, need for
baseline information, causal links
unclear
R M 3
COMBINED
United Kingdom
National Water
Council index
(NWC)
Combines DO status,
biological quality of
fish habitat and
benthos with
observable pollution
Estuary, segments
Short term
condition, long
term trends
DO data, assessment of migratory
fish passage & resident fish
diversity & benthos, toxic or
tainting substances, pollutant
inputs & nature of detectable
impacts
Summation of conditions &
pollutants
Relies on DO dynamics, &
considerable expert understanding
for ratings & causal
interpretations
C
UK
L to
M
20
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Indicator Description Scales: Data requirements Adv/disadv Application+ Cost * Ref
Irish estuarine
research
programme indices
(ERP)
PLI-pollution load
index, BQI-Biological
quality index
Estuary, segments
Short term
condition, long
term trends
PLI water organic, nutrient &
metals, no effect & threshold
levels
BQI: abiotic; opportunistic; &
normal, from abundance &
biomass of macrophytes &
benthos
Assessment of condition of
estuaries & change over time
Needs representative samples of
water quality & biota,
considerable background
information to establish ratings
C
Ireland
L to
M
20
South African
estuarine health
index
(EHI)
Sum of results from
Biological health
index, Water Quality
index and Aesthetic
index
Estuary, segments
Short term
condition, long
term trends
BHI = # of fish species observed
compared to # of species expected
WQI = scaled ratings of DO,
SOD, nutrients, E Coli, Chlor-a
AI = ratings of floodplain land
use, riparian condition, estuarine
odours, turbidity, weeds, ugly
buildings, oil sheen, bridges, noise
EHI good discrimination of South
African estuaries
Considerable background
knowledge required for selecting
ratings of various elements of
indices
Subjective nature of some
assessments
C
Sth Af
L to
M
5
Tasmanian
stabilised
disturbance index
(DI)
DI = sum of
proportional
abundance of benthic
macrofaunal species
multiplied by
correlation between
human population
abundance
Estuary, segments
Short term
condition, long
term trends
Spatial & temporally
representative samples of macro-
invertebrate abundance, human
populations data by catchment
Good discrimination between
estuaries based on disturbance.
Stabilised DI correlated to salinity
rather than to human population
Regional significance, requires
evaluation for other regions
R
Tas
M 7
Florida Panhandle
estuary condition
Rating applied to DO,
benthos, fish,
sediment state, light,
debris
Estuary, region DO , light attenuation, sediment
toxicants, diversity & abundance
of benthos, fish, debris. Individual
ratings are represented on the
coloured scale
Information for individual
variables is not lost through
combining. Factors contributing
to low or high ratings are obvious.
Good for information extension.
C
USA
M
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Appendix 5: Draft generic set of indicators for South
African estuaries (McGwynne and Adams, 2003)
GENERIC SET OF INDICATORS FOR SOUTH AFRICAN
ESTUARIES
compiled by Lesley McGwynne as part of the Eastern Cape
Estuaries Management Programme
GOAL OF MONITORING PROGRAM: The health, diversity and productivity of
estuaries is maintained or improved through co-ordinated and integrated
management in a spirit of shared responsibility to optimise the opportunities and
benefits estuaries provide
Pressure/State/Response refers to indicator type.
Data availability indicates the availability of suitable data to support use of the indicator; 1: adequate data
are available; 2: data scant or available but not collated, or available only for selected estuaries 3: no data
available.
Number Pressure/
State/
Response
Data
availability
Recommende
d monitoring
frequency
1. HYDRODYNAMIC AND SEDIMENTARY
PROCESSES
Goal: Hydrodynamic regimes are managed
to support natural sedimentary processes
Objective: The rate and volume of freshwater inflow
maintain natural patterns of sediment movement
Level 1 indicators
Record of freshwater inflow at gauges set up above the
head of an estuary (Data for the Groot, Tsitsikamma,
Kromme, Nahoon, Seekoei and Msikaba Rivers only are
available on request from DWAF)
HS1 S 2 Daily records
by DWAF
Desktop estimate of the proportion of natural freshwater
inflow (rate and volume) reaching an estuary (if feasible)
HS2 P 2 3-5 years
State of estuary mouth (open or closed) through visual
observations (temporarily open estuaries)
HS3 S 2 As often as
possible
Frequency and duration of episodic events (e.g. floods,
drought)
HS4 S 2 When they
occur
Sedimentation in the lower reaches by recording water
levels electronically or manually
HS5 S 2 1 year
Level 2 indicators
Sedimentation in the mouth measured in terms of berm
wall height (temporarily open estuaries) or topographical
surveys of the mouth area (permanently open estuaries)
HS6 S 2 When
indicated
Level 3 indicators
Long-term sedimentation processes through cross
section profiling at pre-selected sites
HS7 S 2 3-5 years
Sediment particle size distribution at pre-selected sites HS8 S 2 3-5 years
2. WATER QUALITY
Goal: Water quality is managed to maintain normal
ecological processes
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Objectives: (i) The quality and quantity of river inflow maintains natural nutrient
cycles and salinity gradients and does not introduce pollutants (ii) Surface water
runoff and inflow from industrial and domestic effluent does not elevate nutrient,
suspended sediment and bacteriological levels above the normal ranges, nor
introduce or exacerbate toxic pollutant loading
Level 1 indicators
Concentrations of water quality parameters in river
inflow water (Data for the Groot, Tsitsikamma, Kromme,
Nahoon, Seekoei and Msikaba Rivers only are available
on request from DWAF)
WQ1 S 2 Consult
DWAF
Broadscale use of agricultural fertilisers on land
bordering the estuary and in the catchment
WQ2 P 3 1 year
The number, distribution and frequency of cattle grazing
along the banks
WQ3 P 3 6 months
Frequency of occurrence and location of:
-fish and invertebrate mortalities,
-macro- and microalgal blooms,
-non-natural floating objects and surface contaminants,
-areas with bad smells
WQ4 S 2 Routinely/
3 months
Salinity and temperature profiles WQ5 S 2 Routinely/
3 months
Water transparency measured through secchi depth
readings
WQ6 S 2 Routinely/
3 months
Concentration of bacteriological contaminants (total
coliforms, E coli)
WQ7 P 2 3-6 months
Level 2 indicators
Concentrations of heavy metal pollutants (Cr, Pb, Zn,
Mn, Sr, Cu) (if potential for pollution is indicated in Level
1)
WQ8 P 2 1 year
Concentrations of nutrients (nitrite/nitrate, ammonia and
reactive phosphate)(if potential for pollution is indicated
in Level 1)
WQ9 S 2 When
indicated
Level 3 indicators
Concentrations of toxic substances (e.g. trace metals) in
sediments or bio-tissue (if pollution is indicated in level
2)
WQ10 P 2 1 year
3. PLANTS, ANIMALS AND HABITATS
Goal: The natural diversity and distribution of
plants, animals and habitats is maintained or
improved
Objective: The natural distribution and abundance of plant,
bird, fish and benthic invertebrate communities is restored or
maintained
Level 1 indicators
Presence and extent of plant communities in the estuary
and along the banks
PAH1 S 2 3 years
Infestation of riparian vegetation by alien invasives PAH2 P 3 1 year
Densities of intertidal bait organisms PAH3 S 2 3 months
Level 2 indicators
Waterbird counts (Co-ordinated Waterbird Counts
(CWAC) programme)
PAH4 S 2 6 months
Fish abundance measured as catch-per-unit-effort
(CPUE)(rod and line)
PAH5 S/P 2 3-5 years
Extent of natural area remaining per habitat type, and
the degree of habitat fragmentation
PAH6 S 2 2 years
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Location and proportion of estuary habitat type under
formal protection (e.g. Marine Protected Area, nature
reserve, marine reserve)(regional)
PAH7 R 1 3 years
4. HUMAN POPULATION
Goal: Human population size and distribution are managed so that these factors
do not reduce the quality of human life or the probability of achieving goals of
sustainability
Objective: Human population size and distribution do not negatively
impact the well-being of communities nor the capacity of the
ecosystem to function normally
Level 2 indicators only+A97
Population of suburbs, townships and informal
settlements associated with the estuary
HP1 S 3 3-5 years
Annual population growth rate and projected population
doubling time
HP2 P 3 3-5 years
5. CONTROL OF HUMAN ACTIVITIES
Goal: Human use in terms of recreational and subsistence activities is managed at
levels that satisfy human needs without compromising the integrity of social and
ecological systems
Objectives: (i) Non-consumptive human activities (swimming, skiing, sailing,
birding, nature walking) are maintained within the recreational carrying capacity of
the estuarine environment (ii) Consumptive activities (fishing, bait collecting, tree
harvesting) are maintained at sustainable levels (iii) By products of human
activities do not alter habitats or ecological processes
Level 1 indicators only
Number of people visiting the estuary and their activity
(including fishing)
HA1 P 2 1 month
Number of bait collectors on mud and sandflats at any
one time, and their method of bait extraction (suction
pump, spade, fork, tin)
HA2 P 2 1 month
Number of licenced bait collectors HA3 R 2 1 year
Number of bait organisms of each type collected by
each of five fishers in a single day and the mass of
prawn subsamples
HA4 P 3 3 months
Number of fishing competitions held annually HA5 P 3 1 year
Rate of harvesting of riparian vegetation communities
(mangroves, valley bushveld etc.)
HA6 P 2 3 months
Number of boats registered to use the estuary HA7 P/R 2 1 year
Litter accumulation HA8 P 2 3-6 months
6. PLANNING AND DEVELOPMENT
Goal: Development is managed to meet social and economic needs while
simultaneously maintaining or improving the ecological integrity of the estuarine
environment
Objectives: (i) Land use alongside an estuary is guided by ecologically sound and
socially equitable local and regional planning strategies (ii) Land use planning for
estuaries and catchments incorporates the principles of Integrated Environmental
Management
Level 1 indicators
Number, location and extent of jetties, slipways,
boathouses and associated infrastructure
PD1 P 3 1 year
Land use (including mariculture) and infrastructure
associated with the estuary (industries, houses, bridges
etc.) and catchment (dams and reservoirs)
PD2 S/P 2 3 years
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Proportion of landcover in the catchment classified as
agriculture, degraded, natural and urban by the South
African National Landcover Database
PD3 R 1 When
database is
updated
Level 2 indicators
Use of tools such as Strategic Environmental
Assessments (SEA) and Estuary Management Plans
(EMP) to guide development activities
PD4 R 3 1 year
Enforcement and monitoring of development conditions
set by Environmental Impact Assessment procedures
PD5 R 3 1 year
Recognition of estuaries as assets in Integrated
Development Plans (IDPs) and Spatial Development
Initiatives (SDIs) and the incorporation of Integrated
Environmental Management (IEM) principles into these
frameworks (regional)
PD6 R 3 1 year
7. LAW ENFORCEMENT
Goal: Legislation to control human use of estuarine resources is
effectively enforced
Objectives: (i) The level of law enforcement is adequate to effectively monitor
compliance to legislation (ii) Penalties imposed for contravening regulations are
effective in reducing illegal activities
Level 1 indicators only
Number of law enforcement officers assigned to an
estuary and the frequency of patrols
LE1 R 2 1 year
Number of offences, arrests and convictions for
contravening regulations stipulated in the Marine Living
Resources Act (No 18 of 1998)
LE2 R 2 1 year
Number and nature of penalties imposed for
infringement of regulations governing effluent discharge
LE3 R 2 1 year
8. COOPERATIVE GOVERNANCE AND CO-
MANAGEMENT
Goal: Management by local, provincial and national government is integrated and
co-ordinated, and co-responsibility partnerships are forged between government,
parastatals, the private sector, special interest groups and the scientific research
community
Objectives: (i) Communication and cooperation between management authorities
is such that policies, strategies and projects are integrated and co-ordinated (ii)
Estuary forums are effective co-management structures (iii) Cooperation between
estuary management authorities and Catchment Management Agencies and/or
Water User Associations aligns management objectives and improves efficiency
and effectiveness
Level 2 indicators only
Record of management authorities, their areas of
jurisdiction, frequency of interaction and degree of
cooperation in terms of joint projects
CGC1 R 2 1 year
Number, type and cost (if applica+A46ble) of projects or
initiatives that involve cooperation between
management and the estuary forum or special interest
groups (e.g. compilation of EMPs, monitoring,
environmental education)
CGC2 R 3 1 year
The degree of interaction and cooperation (in terms of
joint projects) between estuary management authorities
and Catchment Management Agencies and/or Water
User Associations
CGC3 R 3 1 year
The degree of interaction and cooperation between
estuary interest groups or management forums and
CGC4 R 3 1 year
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catchment forums and/or Water User Associations
Number of estuaries where management forums are
established to engage government on planning and
management issues (regional)
CGC5 R 3 1 year
Number of river catchments where Catchment
Management Agencies (CMA), Water User Associations
(WUA) and/or Catchment Forums (CF) are established
to manage water resources and water related activities
(regional)
CGC6 R 2 1 year
9. ESTUARY MANAGEMENT
Goal: Estuaries are recognised as important ecological, social and economic
assets and managers are adequately equipped to act effectively in terms of
current legislation and international obligations
Objectives: (i) Estuary managers are aware of current legislation pertaining to
estuaries as well as South Africa's commitments to international agreements and
conventions (ii) Estuary managers have the necessary tools, manpower,
competence and budget to achieve their goals and objectives (iii) Conservation
issues are communicated at all levels
Level 2 indicators only
Record of International Agreements and Conventions to
which South Africa is a signatory, and their implications
for estuary management
EM1 R 2 3-5 years
Record of current and proposed environmental
legislation and its implications for estuary management
EM2 R 2 3-5 years
Local and provincial government capacity in terms of
manpower and skills required for effective management,
and the number of capacity building projects
EM3 S 3 1 year
Local and provincial government budget for research
and/or ad hoc investigative projects
EM4 S 3 1 year
Environmental reporting by government departments EM5 R 3 1 year
Number of estuaries covered by GIS mapping (regional) EM6 R 3 1 year
10. ECONOMIC CONTRIBUTION OF
RESOURCES
Goal: Estuarine resources are used
sustainably to generate income
Objectives: The wise use of estuarine
resources generates a sustainable income
Level 2 indicators only
Revenue earned by local government through boat
registration fees
EC1 S 2 1 year
Monthly income of subsistence fishermen through the
sale of bait organisms
EC2 S 2 6 months
Revenue generated by commercial  mariculture EC3 S 3 1 year
Employment provided by mariculture operations EC4 S 3 1 year
Estimate of the value of the tourist industry EC5 S 3 1 year
11. BASIC HUMAN NEEDS
Goal: Communities associated with estuaries enjoy minimum standards of
nutrition, housing, health, education, employment opportunities and security to
ensure their well being in the long term so that they do not reduce the probability
of achieving the goal of sustainability
Level 2 indicators only
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Objective: Every member of the community has access to an adequate supply of
nutritional food, clothing, water and household energy
Proportion of households dependent on estuarine
resources for subsistence
HN1 S 3 3-5 years
Proportion of households dependent on food and
clothing donations
HN2 S 3 3-5 years
Access to potable water HN3 S 3 3-5 years
Household energy use per energy type (electricity, gas,
paraffin, wood, coal, animal dung, other)
HN4 S/P 3 3-5 years
Objective: Every member of the community can obtain adequate,
affordable housing that includes sanitation and waste disposal
Density of houses per settlement HN5 S/P 3 3-5 years
Number of persons/families living in informal shacks HN6 P 3 3-5 years
Number of persons/families on waiting lists for proper
houses and the duration of the waiting period
HN7 P 2 3-5 years
Proportion of households with adequate sewage
disposal facilities
HN8 S/P 3 3-5 years
Storage of household waste and frequency of waste
collection/disposal
HN9 S/P 3 3-5 years
Objective: Every member of the community
can achieve optimum health
Proportion of the community with access to (i) primary
health care (clinics) and (ii) comprehensive medical care
including dental and preventative care
HN10 S 3 3-5 years
Number of casualty visits, hospitalisations and deaths
due to malnutrition, exposure, sickness, violence or
inadequate medical care
HN11 P 3 3-5 years
Objective: Every member of the community can obtain an education appropriate
for his/her needs, ambitions and abilities to enable him/her to function as a
responsible member of society
Adult (older than 18 years) functional literacy (passed
Grade 6)
HN12 S 2 3-5 years
Proportion of community with Grade 12 HN13 S 3 3-5 years
Proportion of high school graduates furthering their
education at universities or colleges
HN14 S 3 3-5 years
Number and types of community projects to develop
capacity
HN15 R 3 3-5 years
Objective: Every member of the community in the
economically active group obtains employment that provides
a living wage
Economic dependency ratio (ratio of unemployed to
employed in the economically active population)
HN16 P 3 3-5 years
Proportion of households dependent on State grants
(i.e. pensions and/or child support grants)
HN17 P 2 3-5 years
Proportion of households where the total income is at or
below the Minimum Living Level (R800 per month)
HN18 P 3 3-5 years
Unemployment rate of the greater region HN19 P 3 3-5 years
Objective: Every member of the community feels valued as part of a
viable and stable community with defined values and aspirations
Proportion of families with both parents in the home HN20 S 3 3-5 years
Effectiveness of communication mechanisms in the
community
HN21 S 3 3-5 years
Number of police stations (permanent and satellite) per
1 000 houses and the frequency of patrols
HN22
Crime rate HN23 S 2 3-5 years
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Projects adopted on a community level to address
issues of concern
HN24 S 3 3-5 years
